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Analysis and Modelling of the Impact of Plasma
RF Harmonics in Semiconductor Plasma
Processing

Md Nasim Ahmed Dewan, B S¢ Eng, M Sc Eng

ABSTRACT

Reactive 10n etching (RIE) has been used extensively 1n the last few decades
m the microelectronics mdustry for integrated circuit fabrication However, the
monitoring and control of this process 1s quite challenging because the plasma
process 1s complex and not fully understood The use of a newly developed Plasma
Impedance Monitor (PIM) to monitor the RIE process 1s reported The sensitivity
and the usefulness of the PIM to detect the end point of a RIE are tested in a SF¢
plasma 1 a capacitively coupled planar reactor with silicon (S1) and silicon dioxide
(S10,) samples The measurement of harmonic components of the current-voltage
(I-V) characteristics are tested as parameters to monmitor the RIE processes and
detect the end pomt when a S10, layer on a Si1 substrate undergoes SFs RIE The
parameter used for the end pomt detection 1s empirically modelled as a polynomial
equation of the mput factors (1 e , RF source power, chamber pressure and gas flow
rate) using the Box-Behnken experimental design The end point can be predicted
from the modelled equation of the parameter used for the end point detection

An analytical solution for a non-symmetric, capacitively coupled plasma driven
by a non-sinusordal radio frequency (RF) current 1s obtained under the assumptions
of time-independent, collisionless 10on motion, nertialess electrons and uniform
current density Modelling 1s developed considering that the RF current can be
expressed as a summation of the Fourier components whose frequency 1s exactly an
integer multiple of the fundamental frequency The different plasma parameters
obtained from the present model are compared with those of an established model
developed by Lieberman [M A Lieberman, IEEE Trans Plasma Sci, vol 16, p
638, 1988] The present model always found the even harmonic components of RF
voltage and hence the overall RF impedance, whereas the Lieberman model found
no even harmonic component of RF voltage The sheath resistance and capacitance
could always be estimated using the present model, whereas the Lieberman model
fails to relate either of these parameters while considering the harmonic frequencies

The overall RF impedance and RF voltage obtamed from the present model
are verified with experimental values The relative magnitudes of RF voltage and
impedance harmonics determined by the present model are shown to follow
qualitatively the values measured m the experiment The values of the normahized
RF voltage and impedance harmonics assume lower values both for calculated and
measured quantities as the asymmetry of the plasma chamber decreases
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CHAPTER 1

INTRODUTION

11 Introduction

The ever-shrinking dimensions of microelectronic devices have mandated the use
of plasma processing 1n integrated circuit (IC) factories worldwide Today revenues in
the plasma-processing industry have grown to over $3 billion p a, well 1n excess of
predictions made only a few years ago [1] Besides the use of plasmas n etching and
depostting thin films, other processes mnclude the removal of photoresist remnants after
development (descumming), stripping developed photoresist after pattern transfer
(ashing), and passivating defects in polycrystalline material [2] Plasma based surface
processes are also critical for the aerospace, automotive, steel, biomedical and toxic
waste management idustries Materials and surface structures can be fabricated that are
not attainable by any other commercial method, and the surface properties of materials

can be modified 1n unique ways

Very few laboratory plasmas behave imtially in the manner predicted by their
designer The large number of degrees of freedom n a plasma makes 1t virtually
impossible to take 1nto account all the essential parameters 1n the theory or design of the
expeniment There 1s a degree of opportunism 1n many plasma experiments Sometimes
a theoretical analysis or a plausible physical argument serves as the basis for design of a
plasma experiment The experiment may behave as predicted, but generally 1t will not
This discrepancy between the predicted and actual outcome of experiments has been
one of the prime movers 1n plasma research Frequently the outcome of the actual
experiment suggests new theoretical models, or more importantly, results m the

discovery of new phenomena, which can then be analyzed

Capacitively coupled radio-frequency (RF) plasmas play an important role in a
number of material processing applications in the microelectronics industry {3] Typical

discharge parameters are pressure p~10-300 mTorr, RF frequency f~13 56 MHz, and




RF voltage Vzs~50-500 V Almost all the applied voltage 1s dropped across capacitive
RF sheaths at the discharge electrodes Accurate modelling 1s necessary to predict the
behaviour of the discharge and to control the overall plasma processes In order to
develop adequate models for these discharges, it 1s important to determine the dynamics

and current-voltage characteristics of the plasma

The growth n use of plasma processes has led to the need for real-time, in situ
techniques to momnitor processing and to detect processing end points These techniques
are needed to increase tool use and process umformity instead of depending on off-line

wafer inspections

Current-Voltage (I-V) characteristic measurement 1s a very good tool to monitor
the plasma process without perturbing the plasma process which can be easily done by a
newly developed monitoring system, called Plasma Impedance Monitoring (PIM) The
PIM utilized n this study can read different I-V parameters (RF voltage, RF current,
discharged power, plasma impedance and the phase) directly up to the fifth harmonic
quantity with great accuracy The I-V parameters maintain almost fixed values 1if the
environment in the plasma chamber remain unchanged The environment includes the
RF power, the pressure 1n the chamber, gas flow rate and the material being processed
in the chamber These parameters change significantly 1f the processing material in the
chamber 1s changed even when all the other conditions remain 1dentical As a result the
I-V parameters can be used for observing a Reactive Ion Etch (RIE) end point when the

interface between two matenals 1s reached

To detect the end point of a process 1t 1s necessary to predict the value of the
momnitoring parameter used as the end point detector The monitoring parameters can be
modelled as polynomial equations of input factors 1 e , RF power, chamber pressure and
gas flow rate The Box-Behnken [4] experimental design methodology 1s a good method
for a 3 factors, 3 level design Using this method the parameters can be modelled for the
fixed range of values of the input factors It 1s possible to predict the value of a
monitoring parameter with good precision from the modelled equations 1f the values of
the nput factors are known The modelled equations are valid only within the specified

range of input factors considered for the model This will be outlined in Chapter 4




If one can predict the value of the monitoring parameters used to detect the end

point of a process 1t should be possible to control the system automatically

1 2 Review of Plasma Modelling

Efforts on correlating the electric characteristics of parallel-plate discharges with
an equivalent circuit model were made as early as 1954 [5] Plasma sheaths were
investigated 1n connection with RF plasma probes Butler and Kino [6] introduced a
model including the capacitive nature of the sheath, Gould [7] considered the motion of
the sheath and its capacitance mn an equivalent circuit model For low-pressure RF
sputtering discharges, Koemig and Maissel [8] developed an equivalent circuit model
defiming dark spaces with a sheath capacitance, and Keller and Pennebaker [9]
developed a theory relating measurable electric properties to the plasma and sheath
charactenistics of this class of discharge Klynko ef a/ and Roth ef al [10-11] carried
out electrical charactenization of processing plasmas Keller and Pennebaker also
pomted out 1n their work that these discharges could not be sustained by secondary
electrons liberated from the target, but were maintained instead by ionization in the
glow or by “surf riding” of the electrons on the oscillating edge of the sheath This
latter mechanism had already been suggested and investigated in detail by Godyak [12]
Metze, Emie, and Oskam [13] recently developed a very detailed time-dependent model
of the sheath region which, however, 1s valid only for the frequency range where 10ns
still can follow the electric field Again using an equivalent electrical circuit, the
relation between operating parameters, electrical charactenstics, and the resulting
etching characteristics were treated by Zarown [14,15], among others Van Roosmalen,
van der Hoek, and Kalter [16] used equivalent circuits to model their large area oxygen
discharge and compared 1t to physically measurable quantities, such as the discharge
1mpedance and optical dark space thickness They considered several energy deposition
mechanisms, including oscillating sheaths, and found that none could account for the
much larger measured mnput power The difference between the frequency range below
the 1on transit frequency and the range above 1t has been nvestigated by Flamm and
Donnelly [17,18] as part of their extensive research on etching (electronegative)
plasmas In their research they did not include the capacitive effect of electrode sheaths
Thompson and Sawin [19,20] have also investigated electronegative discharges and

derived plasma characteristics from equivalent electrical circuits For the case of an SFg




? # ) )
& A F64G ) ) #
# ) # 2 "
)
= # o #
) F66@61G' ) # * @
@ ) . #
* @
F57G' ) # x
$? @ %' A
) ) : ' # | # F54G
# @ )@ #
) @
)
4'5 /< #
) *
x x N #
0 #
.
# )
#
F56G* )
) C s
0 # * )
F55@5CG )
) #



symmetric capacitive discharge and all harmonics of the RF current We obtained
expressions for the time-averaged 1on and electron denstties, electric field and electric
potential within the sheath, nonlinear oscillation motion of the electron sheath
boundary, nonlinear oscillating sheath voltage and the effective sheath impedance
Finally, we have mncluded the impedance of the bulk plasma to determine the overall
impedance between the two plates Assuming equal plate areas 1t 1s also possible to
obtain solutions for the symmetrical discharge from this model For the calculation of

different parameters a companson 1s made with the Lieberman model [30]

A self biased capacitively coupled planar plasma reactor was run in Reactive lon
Etching (RIE) mode with unequal plate areas The harmonics (up to the 5™ harmonuc,
where fundamental frequency = 13 56 MHz) of RF [-V parameters (current, voltage,
impedance etc ) were measured using a Plasma Impedance Monttor This experiment
was repeated for different powered electrode areas while the grounded electrode area
remained unchanged The results obtained from the experiments are compared with the

modelled parameters

Current-Voltage (I-V) characteristics (1 € plasma voltage, plasma current, plasma
impedance and the phase difference between plasma voltage and current) are examined
mn this work for use as end point detectors when RIE 1s performed, in order to
completely etch a layer of matenal situated on a dissimilar material The different
harmonic components of the I-V parameters, together with a number of denived process
parameters, were tested to find out the best end pomnt detector The Plasma Impedance
Monitoring technologies were used to measure these parameters up to the 5™ harmonic

component of the fundamental frequency (13 56 MHz)

Before the above experiment we also tested the sensitivity of the PIM to the size
of the sample being processed in the plasma chamber For this purpose the RIE was

carried out for St samples of different sizes 1n a SF¢ plasma

To predict the RIE end point values of I-V parameters, we empirically modelled
the I-V parameters in terms of RF power, chamber pressure and the gas flow rate The
Box-Behnken (3 factors, 3 level design) experimental design methodology was chosen

for this modelling The prediction errors were also calculated 1in this work



Finally, we suggest a simple semi-automated computer-based system to be used

for controlling the plasma etch The computer sends and receives signals via the system

circuitry to turn on and off the plasma operation

1 4 Orgamisation of This Thesis

This thesis 1s organised nto six chapters and one appendix

L 4

The review of plasma modelling, the research objectives and the summary of this

thesis have been described 1n this introductory chapter

Since the plasma process 1s a complicated system, 1t 1s considered appropriate to
provide some fundamental concepts of a plasma, plasma systems and plasma

processes 1n Chapter 2

In Chapter 3 the usefulness of the PIM to monitor the plasma processes 1s
investigated The plasma current-voltage harmonics are analysed to ascertain the
best monitoring parameter to be used as an end point detector when S10, on a Si

substrate undergoes SF¢ RIE

In Chapter 4 the monitoring parameters used for the end point detection are
empincally modelled as polynomial equations of the operating input factors (1 ¢ , RF
source power, chamber pressure and the gas flow rate) The predicted values of the
monitoring parameters obtained from the modelled equations are compared with the
actual values while S10; on a S1 substrate undergoes SF¢ RIE and the end point 1s

reached

In Chapter 5 an analytical model for the plasma 1s obtained based on an
asymmetrically dnven, parallel plate RF discharge driven by a non-sinusoidal RF
current Different sheath parameters obtained from the model are compared with the
Lieberman model The current-voltage characteristics of the plasma are calculated

using this model and verified with the experimental results




¢ Chapter 6 presents the conclusions of this work and offers suggestions for further

research

¢ Appendix A presents a simple semi-automated computer based operation of RIE



CHAPTER 2

FUNDAMEMTAL CONCEPT OF PLASMAS

2 1 Introduction

In this chapter a brnief description on some fundamental concepts of plasma,

plasma systems, plasma processes and plasma diagnostic techniques are presented

2 2 Plasma the Fourth State of Matter

At a non-zero absolute temperature any gas has a certain number of 1omzed
atoms, that 1s, some charged particles— electrons and 1ons— are present along with the
neutrals However, the charged particles substantially affect the properties of the gas
only at concentrations at which the space charge formed by them restricts their motion
As the concentration increases, this restriction becomes more and more stringent, and at
sufficiently high concentrations the interaction of positively and negatively charged
particles results 1n persistent macroscopic neutrality in volumes commensurate with that
of the gas Then any disturbances of macroscopic neutrahity induce strong electric fields,
which quickly restore 1t An 1omized gas at such concentrations 1s called a plasma This

term was first proposed by Tonks and Langmuir [39] 1n 1929

Thus, at sufficiently high charged particle concentrations, an 1omzed gas turns nto
a plasma The most natural method for obtaining a plasma 1s to heat the gas to
temperatures at which the average energy of the particles 1s comparable with the
1omzation energy of the atoms or molecules At temperatures much below the 1onization
energy the ratio between the concentration of 1ons and neutral atoms 1s small It
increases with temperature, and when the average particle energy approaches the

lonization energy, the gas almost completely turns into an 1onized plasma

Because a plasma can be obtained by heating a substance mn the gaseous state (the

third state of aggregation), 1t 1s sometimes called the fourth state of matter The state of



an equilibnum plasma, as well as that of any gas, depends on 1ts composition,
component concentration, and temperature Let us denote the partial concentration of
the plasma components by n,, where the subscript « stands for a (neutral particles),
(1ons), or e (electrons), as the case may be Generally speaking, a plasma may contain
more than one species of atoms and tons Unless otherwise specified, we refer here to
the so-called simple plasma, which consists of neutral particles of one species, single-
charged 1ons of the same species, and electrons [40] Then the degree of romization n
can be defined as the ratio of the 10n concentration to the total concentration of 10ns and
neutral atoms

n=— @1)

n, +n,

The plasma temperature T 1s expressed in energy units, 1t 1s related to the generally used
expression for the temperature

T=kTx 22)
where Tk 1s the Kelvin temperature and % 1s the Boltzmann constant The relationship
between the average energy of thermal motion of particles W and the plasma
temperature 1s given, as for any equilibrium gas, by the following equality

3
W= 23)

In an equillbrnium plasma the prescribed concentrations and temperature
completely characterize its state The temperature of such a plasma determines not only
the average energy, but also the particle velocity distribution (Maxwellian distribution)
From the plasma concentration and temperature one can find the degree of 1onization,
the concentration of 10ns, excited atoms, photons, and so on However, a plasma cannot
always be considered to be at equiibrium In particular, a gas-discharge plasma, which
1s usually obtamned in the laboratory, greatly deviates from equilibrium One
occasionally comes across so-called partial equilibrium, at which the velocity
distnibution of charged and neutral particles 1s Maxwellhian, but the temperatures
determining this distnibution for the electrons and heavy particles are different For such
a non-1sothermal plasma one can introduce the electron and 1on temperatures T, and 7,
In the general case of a non-equilibrium plasma, the velocity distribution of charged
particles may be essentially non-Maxwellian But here, too, we speak of the temperature
of the plasma components, defining 1t as the measure of the average energy of random

motion of particles 1in accordance with eqn 23 Naturally, to obtain complete



information on the behaviour of a non-equilibrium plasma 1t 1s not sufficient to know
the average energies (temperature) of the components, 1t 15 also necessary to know the

particle velocity distribution function
2 3 Bnief Survey of Plasmas

Although plasmas are not common terrestrially, they do represent the most
ubiquitous form of matter in the universe Because electrons play such an important role
1n plasmas, 1t 1s useful to categorize plasmas by electron densities and electron energies
In a number of cases, the electrons have a Maxwellian distribution [41], which can be

described 1n terms of the electron energy ¢ as,

1 3

.ﬂw=2@meMkf5w4};%J 24)
K

where f{¢), the electron energy distribution function, 1s proportional to the number of
electrons having an energy between ¢ and ¢ + dg, k 1s Boltzmann's constant, and Tk 1s

the electron temperature The electron kinetic energy 1s given by
€= (I/Z)mv2 253)
where m 1s the electron mass and v 1s the magnitude of the electron velocity The

constants 1n eqn (2 4) are such that 1f we integrate over all energies, we get
[fE)de=1 26)

The average energy can be obtained by the integral

[ef (e)de = %kTK 27)

Thus, the electron temperature Tx for a Maxwellhan electron energy distribution 1s a

measure of the average energy of the electrons

The Maxwellian distribution 1s also called the equilibrium distribution, because 1t
represents a case where the electrons are in thermodynamic equilibrium In a number of
cases, especially weakly 1onized plasmas, f{g) will not be Maxwellian, however, 1t 1s
quite common to still speak of an electron temperature Tx when refernng to the average

electron energy [42]

10




A convenient unit for electron temperature 1s the electron volt (eV) which 1s
equivalent to a temperature of approximately 11600 K In Fig 21, typical values of
electron densities and temperatures are shown for a variety of plasmas They range from
the very rarefied and cold interstellar plasmas up to the dense and hot plasmas used for
controlled fusion The plasmas of interest here are the process plasmas, which have
electron densities 1 the range of 10° to 10'2 ¢m?, and average electron energies
between 1 and 10 eV The degree of 10nization for these plasmas varies from about 10 °
to as high as 03 At the lower end of the density, energy, and 10nization scale are the
discharges that are formed between planar electrodes, while the upper end of this scale
applhies to discharges sustamned at a frequency that corresponds to some natural

frequency for the plasma (such as electron cyclotron resonance plasmas)
2 4 Plasma Parameters 1n Engineering

Various kinds of gas discharges find wide application in technology and
experimental 1nvestigations These are primanily stationary or pulsed electrode
discharges— so called glow discharges with cold electrodes, which occur at relatively
low currents, and arc discharges characterized by high currents and strong electrode
heating This type of discharge has been used for a long time in radio engineering,
current commutation, and machining Relatively recently 1t found use in the pumping of
gas lasers Gas discharge plasma sources—plasmatrons- have lately acquired extensive
application 1 many chemical engimeering ventures, primarily for triggering high
temperature chemical reactions (m so called plasma chemistry) Along with the
traditional electrode discharges, use 1s made of a plasma induced by high frequency
fields under the effect of laser radiation (laser discharges) Table 2 1 presents the typical

parameters of some kinds of gas discharge plasmas

Plasmas are used in many experiments Investigations on plasma confinement by
means of a magnetic field and on 1ts heating have been conducted m recent years in
connection with nuclear fusion They embrace a wide range of conditions corresponding
to different schemes, from quasi-stationary to single action pulsed ones Extensive
plasma investigations are also being carried out in connection with magneto-
hydrodynamic and thermionic energy conversion, the development of plasma jet

engines, and spacecraft propulsion through the atmosphere

11
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Figure 2 1 Electron density and temperature ranges for a variety of natural
and man-made plasmas The region labelled “Process plasmas” delineates
the parameter ranges for the plasmas used for thin film deposition and
etching [42]

2 5 Plasma Processing in Microelectronics

A cross section of one cell of a CMOS circuit 1s shown schematically in Fig 2 2
This 1s just one of the many complex microelectronic structures now being fabricated It
provides a good example of the different process steps used in the microelectronics
industry We will concentrate here on these steps which directly involve the use of

plasmas Although 10n implantation 1s a very important step, 1t utihizes plasmas only

12



Table 2 1 Parameters of gas-discharge plasma (from [40])

Type of discharge p I P ne T. T, Ae

(mm | (A) [(Wem®)| (em?’) | V) | (V) | (cm)
Hg)

Low pressure 10 °] 1 10 10" [3-7[3x10 °| 1

discharge

Glow discharge 1 10°] 10 10" 1-3 [3x10 “] 10 °

Arc discharge 1 10 {10-10"[ 10" |os5-2] 10" | 10 °

Ultrahigh frequency 10 - 10 10° | 1-3[5x10 °] 107"

discharge

High pressure 10° 1 10° 10° [05-1] 05 10°°

discharge

Super high pressure 10° 1 10° - 107 Jos5-1/05-1107°

discharge 10°

Stationary laser plasma| 10° -- 10° 10" 1-3 1-3 10 ¢

Note -1 The table lists tentative characteristics of discharges in some typical regime They may vary
appreciably depending on the regime and gas filling The parameter values are given with an accuracy to
one order of magmtude

2 In the table p 1s the gas pressure, / 1s the discharge current, P 1s the power introduced 1nto a unit

volume of the plasma, 7, 1s the electron temperature, T, 1s the gas temperature, and A, is the electron
mean free path

indirectly The 1ons for implantation are generated by a plasma in the source However,
they are extracted from this plasma, analyzed and accelerated through a high vacuum
region to the substrate to be implanted While the efficient extraction of high 1on current
densities 1s an mmportant topic in the design of implanters, since 1t affects wafer
capacity, there 1s no direct effect of the plasma on wafer processes Therefore, 10n

implantation will not be discussed here

There are two aspects of plasmas which are important 1n processes physical and
chemical Any plasma contains positive and negative charges in equal number densities
Because electrons have a much higher mobility, any surface in contact with the plasma
will develop a negative potential with respect to the plasma The resulting electric field
reduces the electron current density to the surface until 1t equals the 10n current density
and the electrical neutrality of the plasma 1s thus maintained The electric field
accelerates the 10ns to the surface, they arrive with an energy up to a maximum value of
eVy, where -V, 1s the floating potential of the surface relative to the plasma In DC
discharge plasmas, ¥ 1s normally a few Volts, and the effect of these low energy Ar’
ions, for example, may be msignificant However, the ion energy can easily be

increased by applying a potential -V, (relative to ground) to the surface, the 1on energy
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Figure 2 2 Schematic cross section of a basic cell of a CMOS circuit with a
nominal transistor gate width of 1 pm [42]

1s then e(¥, + V) and this may have a significant effect on the surface For example,
sputtering will take place when this energy exceeds about 20 eV In RF discharges,
floating surfaces may develop even higher negative potentials, so that sputtering may
occur even without deliberately supplying a bias to the sample The actual potential
depends on the geometry of the system and the frequency of the supply voltage In most
plasma systems, the electric field becomes normal to the substrate and 1ons therefore
reach the sample at normal incidence Thus, some parts of a surface may be affected
much less, or remain unaffected, by 10ns because of the substrate geometry An example
1s shown in Fig 2 3(a), no physical sputtering can occur mn the region which 1s

essentially masked by the mask overhang

The chemical effect of plasmas results from the chemical activity of species which
can be generated by mechanisms within the plasma, such as 1omization by electron
collision with molecules For example, N;" 10ns are very easily produced m the plasma
When N, 1mpinges on a substrate, 1t may dissociate mto N atoms, which are very
reactive While molecular N, 1s a very stable molecule which 1s unlikely to react with

any substrate matenial, the addition of the same gas to a discharge produces highly
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reactive N atoms For example, refractory materials such as AIN and TiN are readily
formed when N," 10ns impinge on Al or T1 surfaces whereas N, does not react with Al
even at elevated temperatures and even then only incompletely with Ti More complex
gases, such as CF4 , may be introduced into a plasma, producing different molecular
1ons (CF;y", CF;" and CF") each of which will have different reactivities In addition to
1ons, uncharged radicals may be generated which are extremely reactive eg atomic
oxygen 1n an O, plasma or CF; in a CF; plasma These radicals reach surfaces
1sotropically from any direction and cause reactions there For example, In Fig 2 3(b)
the sidewall of the mask 1s eroded by reaction with a radical, the result being a gaseous

species

Ar’

(a)
Neutrals Ions
Tons
1—{— Resist
Neutrals\.l <«}— Silicide
I -4— Polysilicon
¢ <— Gate oxide
7 T Silicon
(b)

Figure 2.3 (a) Physical effects caused by the plasma The substrate 1s sputtered
by energetic (>20eV} 1ons, except in the region protected by the mask overhang
because the 1ons are at normal incidence on the substrate (b) Removal of
material from under the mask due to chemical reaction with a neutral radical
generated in the plasma Since they are uncharged, they can reach all surfaces
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Care must be taken to ensure that no unexpected reactions take place For
example, water vapour 1s the most common constituent of the background gas in most
vacuum systems after pumpdown It 1s adsorbed on the chamber walls, when a system 1s
open, or on the surfaces mtroduced into the system (e g substrates and holders) the
water vapour then desorbs from the surface 1n the vacuum system, the desorption rate
may be increased by substrate heating or by 1on bombardment from the plasma Water
vapour 1s then dissociated within the plasma into O, OH and H fragments Both O and
OH are very reactive with many metals to form oxides the remaining hydrogen is not
efficiently pumped 1n many vacuum systems, and 1s easily incorporated in many film

matenals

In most plasma situations, both the physical and chemical effects may be
important and should be considered carefully Thus, combined effects of the situations
shown 1n Fig 23 can occur The relative importance of the physical and chemical
effects will, of course, depend on the circumstances of each case the reactivities, the
substrate potential, and the 1on species in the plasma are the important parameters

However, these depend 1n turn on the plasma volume, gas flows, excitation volume, etc

With these two effects of plasmas m mind, we may consider their application in
microelectronics processing Here we briefly review the various process steps required

in fabricating the device 1n Fig 2 2 and the plasma requirements

251 Cleaning

Successful fabrication of complex ICs requires many lithography steps in which
each mask 1s accurately aligned with the previous patterns on the wafer A sequence of a
number of individual masks may be required to complete the process For each stage,
the wafer 1s covered with a layer of photoresist which 1s exposed using the mask and the
resulting pattern developed, producing areas which are free from photoresist This
pattern 1s used 1n the next process step For example, the remaining resist may prevent
etching of a S10; layer from the S1 wafer 1n these areas After etching, the photoresist 1s
removed, leaving the S10; layer 1n selected areas, as required for the next process step
Alternatively, the mask may be used to selectively deposit films in unmasked areas

when the photoresist 1s removed, the excess metal 1s removed

16



Following the etching or deposition step the photoresist must be thoroughly
removed, both before etching the S10, and before proceeding to the next process step If
1t 1s not thoroughly removed 1n the first case, regions of S10; will remain, after etching,

1n additional uncontrolled areas

Photoresists are hydrocarbon-based polymers, with cross-linking being
determined by the exposure and development All traces of polymer should be removed
by the developer or the photoresist stripper However, this 1s often not the case,
particularly when the photoresist has been subjected to extreme conditions The last
traces of hydrocarbon can be removed 1n a suitable oxidizing atmosphere, by conversion
to CO; and H,O The process for this should 1deally not require high temperatures nor
produce damage to either the S1 or S10;

An oxygen plasma supplies atomic oxygen which reacts rapidly with the
hydrocarbon to form volatile CO; and HO Although any O, plasma would provide the
necessary reactive oxygen, substrate damage 1s mmmmized by ensuring that O, 10ns do

not reach the surface being etched

2 52 Deposition

The fabrication of a CMOS circuit involves the deposition of a variety of films,
including polycrystalline silicon, S13Ns, and S10, which may be doped with elements
such as B and P, Al-S1 alloys and possibly diffusion barriers such as TiN Other
microelectronic devices require different matenals to be deposited for example,
Au/Ge/Ni1 on epitaxial GaAs and WSy, for GaAs ntegrated circuits Some of these films
(e g Al-S1, WS1,) can be deposited by a purely physical method, such as sputtering or
evaporation, while others require a chemical method, such as plasma enhanced chemaical
vapour deposition (PECVD) Reactive sputtering, which 1s widely used to deposit TiN,
combines both chemical and physical aspects Evaporation 1s preferred for lift-off
processes because of the line-of-sight deposition However, 1t 1s difficult to control alloy
composition, and the adhesion of the film 1s often low, requiring the use of additional

adhesion layers
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2521 Sputtering

Evaporation was the first method used to deposit metals for microelectronics, such
as Al, for interconnect conductors With the increased complexity of integrated circuits
came the need for different materials Alloys of Al-S1 or Al-Si-Cu have been widely
used to obtain smaller line widths and to decrease electromigration in the conductors
However, the elemental constituents of alloys evaporate independently and the
individual evaporation rates are proportional to the respective vapour pressures at the

source temperature

It 1s difficult to obtain an evaporated flux ratio from an alloy source which
represents the original alloy composition and the source composition changes with time
Ininially, the more volatile component evaporates from the charge and the flux 1s
enriched 1n this component but the flux will eventually become nch in the other
component as the source nears exhaustion The scarcity of alloys which evaporate
congruently (1e without change in composition) makes evaporation unattractive for

alloy deposition [42]

The situation for sputtering 1s quite different because of the momentum transfer
processes responsible for ejecting atoms from the alloy target The sputtering yields Sy
and Sp for the two elements 1n the binary alloy target AB represent the probabilities of
these atoms being ejected The numbers which are ejected are, therefore, proportional to
the product of these probabilities and the numbers of A and B atoms which are present
within the sputtering depth In equilibrium, the surface composition of the target
changes such that the composition of the elements 1n the sputtered flux 1s the same as

the ongmal alloy composition [42]

The sputtering mechanism 1s therefore clearly advantageous for the deposition of
alloys Two points must be emphasized, however First, the sputter mechanism alone 1s
responsible for producing the correct flux ratio and other target effects will change this
ratio If the target temperature 1s too high, diffusion will occur and will modify the
surface composition, so that the sputtered flux has a different composition from the
alloy target Second, the sputtering process responsible for the correct equilibrium flux

requires that the target be a homogeneous alloy and not simply a mixture of the two

18



components Sintered powder composite targets do not satisfy this requirement although
they are sometimes used for deposition of sihcides If the target used to deposit TaS1,
contains grams of Ta and Si, even 1if they are extremely small (< 5nm), the alloy
sputtering mechamism does not apply because sputtering occurs within individual Ta
and S1 grains rather than from an alloy in which atoms are homogeneously mixed Then,
the relative fluxes of Ta and Si will depend on the area ratio of Ta and S1 grains and the
elemental sputter yields for Ta and S1 Although the resulting film 1s a Ta-S1 alloy, the
sputtering process does not make use of the inherent advantage of the alloy sputtering
process and there 1s no reason to expect the film to have the desired TaS1, composition
However, a constant composition (1 e Ta/Si1 ratio) may be obtained if the relative areas

of Ta and S1 1n the target are constant [42]

Since the vapour pressure of metals is very low except at elevated temperatures,
the sticking coefficient for the different species in the sputtered fluxes 1s effectively
umty and the film composition will be the same as the composition of the flux
However, the film composition may differ from the incident flux if energetic 1ons and

neutrals reach the substrate and cause sputtering there

The sputtering process 1s basically simple, although practical systems are actually
quite complex because substrates must be transported, and gases and pressures
controlled A plasma 1s generated by applying either DC or RF power 1n a suitable
geometry and the target 1s biased to accelerate 1ons of the sputtering gas to it At
present, most systems use a magnetron target arrangement, a magnetic field constrains

the electrons to generate 1ons within a few millimeters of the target surface [42]

2 52 2 Reactive sputtering

By adding a gas which reacts with a sputtered metal 1n the presence of the plasma,
compound films can be deposited using basically the same sputtering system as that
used for metals As an example, TiN 1s often used as a diffusion barrier because it 1s
refractory and has high conductivity It 1s deposited quite easily by adding N, while
sputtering a T1 target provided a sufficient N, supply 1s mamntained N, 1ons are formed

in the plasma and bombard both the target and substrate the N atoms resulting from the
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impact dissociation react with the Tt The energy and flux of the N, 1ons are

determined by the sputtering parameters such as bias potentials and power [42]

2 52 3 Step coverage

In microelectronics, films are often deposited onto a patterned wafer on which
there are many steps which must be covered For conductors, for example, the alloy
must be continuous over each step and 1t 1s desirable that the film thickness be the same
on the vertical wall of the step as on the flat surface since this will mimmize high
resistance regions at each step However, this 1s obviously difficult because 1t would
require that the sputtered flux normal to the side wall be the same as the flux to the
wafer surface In the usual system geometry, the substrate is parallel to the target and
the sputtered atom flux 1s predominantly normal to the substrate surface so that the flux

to the sidewall 1s quite small (Fig 2 4)

Substrate

r Deposited film

ﬁ/ v -+— Sputtered
flux
) 4_27 Target

Figure 2 4 Schematic of the problem of step coverage during sputtering
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By applying a bias to the substrate, 1ons are accelerated to the substrate and cause
sputtering (usually termed resputtering) of the film If the resputtering ratio 1s high (1 e
the thickness removed from the flat surface 1s comparable to the thickness deposited),
the film thickness on the side walls will be increased by collecting the resputtered
atoms, while the thickness on the top wafer surface 1s reduced However, the alloy
composition can be changed significantly by the resputtering In fact, the step coverage
by Al-S1 alloys 1s greatly improved by applying substrate bias even when the

resputtering ratio 1s negligible

The ability to improve step coverage 1s a significant advantage and 1s easily
implemented because of the plasma environment in which the sputter deposition 1s
carrted out It should be noted, however, that the enhancement of step coverage by bias

sputter deposition may be incompatible with some masking techniques

2 52 4 Plasma enhanced chemical vapour deposition (PECVD)

Chemical vapour deposition has been used mn IC fabrication almost since 1t began,
and 1s stll used 1n many cases In its simplest form, 1t requires increasing the
temperature of the substrate to a value at which a required chemical reaction takes place
at a useful rate in a controlled manner In PECVD, the chemical effects of the plasma
allow the reactions to proceed at much lower temperatures Lower temperatures are
desirable to prevent diffusion of dopants during these subsequent processes Films
deposited by PECVD have increased in importance for IC processing as device
dimensions have decreased and imposed the requirement for much tighter tolerances on
the dopant location In depositing these films, 1t 1s the chemical aspects of the plasma

which are usually of prime importance

Films can be deposited at temperatures determined by the plasma environment
and the heat generated by the reactions While no elevated temperatures are required for
the chemical reaction, the film properties may be improved by heating For example,
silicon films deposited from SiH4 will be amorphous and will contain a significant
fraction of hydrogen, 1n the form SiH,, unless the substrate temperature 1s above 600°C

S10; films are deposited from SiHs and N,O, just as 1n the chemical vapour deposition
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(CVD) case However, silicon nitride can be deposited using either NH3 or N, Whereas
N, cannot be used in CVD because of 1ts low reactivity, 1ts reactivity in the plasma 1s
high due to dissociation processes [43] There are advantages to using N; in reducing

NH bonding 1n the S13N4 films as well as being more convenient

253 Etching

The selective removal of one material from another 1s an important part of IC
processing For example, the S10; has to be removed from the underlying silicon but 1t
1s important that no significant amount of silicon be removed Typically the dopants
necessary for device operation are within 100 nm of the wafer surface and must remain
there throughout processing Thus, while 1t 1s possible to remove the S10; by a physical
method, such as sputtering, this 1s not acceptable for a process step since sputtering will
etch the silicon at a faster rate than 1t removes the S10; and may also introduce damage

or impurities mto the exposed Si

For selectivity, a chemical reaction 1s required which etches one layer (e g S10,)
but not the other (e g S1) For wet chemical etching, this often mvolves mixtures of
several chemicals which engage in competing interactions with the exposed surfaces
Just as chemical reactions for depositing films are made possible by njecting suitable
gases mto a plasma, so are chemical reactions for etching The chemical reaction must,
in this case, convert the material to be removed mto a volatile gas which will thus
desorb from the surface within the plasma environment and be pumped out of the
system A wide variety of gases are used in reactive plasma etching to etch different
materials For example, BCls, S1Cly, Cl; and CCly are all used to etch Al alloys and CFy,
C,F¢, CHFs, SF¢, SiF4, CFCl,, CF,Cl, and CFsCl are used to etch S10, Mixtures of
gases, such as CF4 + O, are also used [44] Due to the variety of reactions that may

occur, a large number of species may exist in the plasma

As discussed with reference to Fig 2 3, the type of etching which takes place will
depend on the balance between the physical and chemical effects in the plasma One
effect not considered was the deposition onto a side wall of a non-volatile product, such
as a polymer or C [45] If this polymer or carbon compound does not react chemically

with the etch gas species, 1t will remain on the wall, preventing any further reaction
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because 1t cannot be sputtered away since the ions do not reach the side wall This can
be used to the advantage of the operation n that 1t inhibits undercutting of masks and

results 1n a more anisotropic etch

2 6 An Elemental View of Plasma Reactors

Although we will consider a number of aspects of plasmas and discharges 1n this
chapter, we are primarily interested in these topics as they relate to the plasma reactors
that are used for thin film processes Therefore to provide some general framework for
what 1s to follow, we will consider here some general charactenstics of the most

common types of reactors

2 6 1 Planar reactors

Perhaps the most ubiquitous class of plasma reactor i1s one 1n which the plasma 1s
formed between planar parallel electrodes [46,47], which are attached to the power
source This includes configurations with a single electrode 1 a metallic containment

vessel, the latter comprising the second electrode

The importance of the plasma electrons in generating chemically active species 1n
the plasma volume, and the edge clectric fields accelerating 1ons into the substrate
suggests a schematic picture in which a reactor 1s decomposed nto two regions The
embodiment of this for a planar geometry 1s shown in Fig 2 5 Here, we see the plasma
volume where chemically reactive species (and/or 10ns) are generated, in which there 1s
only a small electric field Adjacent to this 1s a "plasma free" sheath region of strong
electric field Although this picture 1s only approximate, 1t represents a useful
framework for examining relevant plasma and sheath phenomena It also underlies the
approach to many of the advanced plasma deposition and etch tools which are

constructed to afford independent or nearly independent control of the two regions
The operation of planar reactors can be enhanced by the addition of magnetic

fields This ts usually accomphished by introducing a magnetic field that 1s nominally

parallel to an electrode, as 1in a magnetron sputter source [48] or a magnetically
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enhanced reactive 1on etcher [49] The magnetic field increases the 1omzation efficiency

of the electrons This results 1n higher density plasmas with decreased sheath voltage
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Figure 2 5 Generic plasma reactor for thin film deposition and etching A
power source supplies energy to the main plasma discharge where reactive
species and 1ons are generated These species are transported to the substrate
or wafer for deposition or etching In many configurations there 1s an electric
field in the vicimity of the substrate which accelerates the 1ons

2 6 2 Barrel reactors

A barrel reactor [50] 1s a tubular-shaped structure, in which a plasma 1s sustained
either by inductively coupling an ac power supply through a coil which surrounds the
reactor (Fig 2 6(a)), or by capacitively coupling via external rings (Fig 2 6(b)) For this
configuration, the electric field 1s established inside the non-conducting vacuum vessel
without internal electrodes Consequently, this reactor does not develop the larger
sheath electric fields that a planar reactor does, so that 1on bombardment usually plays
little or no role The main application of barrel reactors 1s for 1sotropic etching,

including the removal of organic materials as in resist stripping

2 6 3 Downstream plasma reactors

A relatively recent addition to plasma processing 1n production applications 1s the
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Figure 2 6 (a) Inductively coupled plasma reactor (b) Capacitively coupled
plasma reactor

downstream plasma reactor [51-53], a generic diagram of which 1s shown in Fig 27 In
the traditional barrel and planar reactors discussed above, the wafer is situated n the
plasma generation chamber and s therefore mmmersed within the plasma In
downstream reactors, the wafer 1s separated from the plasma chamber, so 1t 1s
"downstream" from the region of plasma generation Such plasmas are usually
electrodeless, being sustamned by microwaves introduced by some radiation launching
structure An mmportant example of the downstream plasma reactor 1s the electron
cyclotron resonance (ECR) plasma reactor [52,53] Thus apparatus includes a magnetic
field Electrons are heated by a microwave source which 1s applied at a frequency that

corresponds to that of the electrons circulating 1n the magnetic field

Oftentimes 1n the downstream geometry, 10n bombardment of the substrate 1s not
wanted Owing to the separation of the plasma from the substrate, this 1s easily
accomphlished The downstream configuration represents an even further emphasis on
separating the bulk plasma from the environment of the substrate For this reason, the
downstream configuration 1s an important approach to advanced deposition and etch

tools
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Figure 2 7 Downstream plasma reactor

2 7 Fundamental Plasma Discharge Concepts

In this section, we will review fundamental plasma discharge concepts which
underlie the operation of plasma reactors for deposttion and etching The concepts
discussed here are covered extensively 1n a number of excellent plasma physics texts
(40,41,54-56] and therefore, 1n some cases, we will present results with only limited

derivations

2 71 Debye shielding

In general, the charactenstics of plasmas will differ greatly depending on things
like the constituent atoms and molecules, densities, energies, and degree of 1onization
There 1s, however, one universal plasma charactenistic the free charges in the plasma
will move 1n response to any electric field in such a way to decrease the effect of the
field In particular, electrons are usually lighter and more mobile i response to electric

fields, and the 10ns are assumed stationary That means the tendency of plasma electrons
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1s always to decrease any presence of electric fields There will not be regions of a
plasma with excess positive or negative charge, because 1f there were, an electric field
would arise that would move electrons to effectively eliminate any charge imbalance

This feature 1s called quasi-neutrality

If a test positive charge 1s inserted 1n a plasma (Fig 2 §), the charge will attract a
cloud of electrons, and repel the local 10ns, so that it 1s completely shielded from the rest
of the plasma Outside the cloud there will be no electric field This 1s the phenomenon
of Debye shielding We can find a self-consistent solution for the electrostatic potential

@, which arises from the test charge O

Unscreened potential

Shielded potential

~#— Debye length

Figure 2 8 Schematic of the unshielded electrostatic potential from a point charge
+Q compared to the Debye shielded potential that occurs when the charge is
immersed in a plasma The electron density increases n the vicinity of the charge,
creating the exponential fall-off in the potential

Using Boltzmann's equation, n(E)=ny exp(-E/kT) where £ 1s Boltzmann's constant,

we can write the equations for 10on density (n,) and the electron density (n,) as
n =nyexp(—e®@/kT) (2 8a)
n,=n,exp(e®/kT) (2 8b)

where n represents the value of both particles at equilibrrum The charge density p 1s

given by
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p=e(n —n,)=-2nesinh(e®@/kT) 29
where we have used the identity sinh(x) = %( e —e ) Using Poisson's equation,
V@ =-— (2 10)

Substituting eqn (2 9) in eqn (2 10), we obtain,

2n,e

Vo = sinh(e® / kT ) 211

2

Near the edge of the cloud, and beyond, the electrostatic energy e@ associated
with @ 1s much less than the electron thermal energy k7T 1 e, e@/kT<<1l We can then
approximate sinh(e D/kT)= e @/kT, so that eqn (2 11) becomes

2

Vio=—"0 (212)
Ap
where we define the Debye length, Ap as
1
kT |2
ap =| 205 213)
noe
The solution of eqn (2 12) 15 [57]
CD=2exp(—\/—2—r/ZD) (214)
r

By eqn (2 14), the Debye length Ap 1s a measure of the range of the effect of the
test charge QO If follows from eqn (2 13) that this range 1s greater in a hot diffuse
plasma than 1n a cool dense plasma This 1s to be expected 1f T 1s large, more electrons
mn the cloud at a given distance from Q will be able to escape, so that Q 1s less
efficiently screened, if ny 1s small electrons will have to be drawn from a larger volume

n order to shield a given charge O
2 7 2 Plasma osctllations
If a charge imbalance does occur 1n a plasma, we have seen how the electrons will

move to shield out its effects This does not happen instantaneously, however A

28




reasonable estimate of the time 1t takes for the shielding to "get in place”, would be the

time required for an electron to move a Debye length This time ¢, 1s [42]

2
ty=Ap /ug =| 2% @ 15)
hpe

where u, and m, are the electron velocity and mass respectively Furthermore, we might
imagine that the electrons, moving under the force of the electric field from the charge
imbalance, may "overshoot" and execute an oscillatory motion A more rigorous
treatment of this problem [54] reveals that this 1s the case The electrons will oscillate at
a frequency which 1s just the inverse of ¢, called the plasma frequency a,, which can be

given by the equation

w,=— (2 16)

Collistons will damp out this oscillatory motion, so that the shielding electrons will

eventually assume the static distribution in eqn (2 14)

In the absence of magnetic fields, this 1s the only "normal mode" of a plasma In
the presence of magnetic fields, however, plasmas display a number of additional
oscillatory modes A detailed discussion of these, which 1s beyond the scope of this
chapter, can be found 1n a number of excellent references [55,58] We note here the
general observation that the plasma will screen out an oscillating field with a frequency
below ,, but above this frequency, the electrons cannot respond fast enough to

accomplish the shielding
2 7 3 Collisional processes

Collisions are generally characterized by a cross section o which has the
dimensions of area If an electron collided with a "hard sphere” of radius a, then o= 7’
(Fig 29) The cross section 1s a measure of the probability that a given process will
occur For some complicated processes there may not be a corresponding physical
picture as Fig 29, although a still will have units of area If we are considering

electron-neutral collisions where N 1s the neutral density, then the quantity,

2=(No)" (217)

29



2
@ a Cross section, ma

“Hard sphere” atom

Figure 2 9 Hard sphere atom cross section Only those electrons that approach
within distance 'a’ from the centre will undergo a collision

1s the collision mean free path This 1s the average distance travelled by the electron

between collisions or processes

Another important quantity which 1s related to the cross section 1s the collision

frequency If u, 1s the electron velocity, then the collision frequency v1s defined by [42]
v=Nou, (2 18)

and has units of s'  The time between collisions 1s just v

Collisions fall into two general categories elastic collisions, which are those for
which the internal energy of the colliding partners 1s unchanged by the collision, and
welastic collisions, mm which internal energy changes Internal energy refers to
electronic excitations 1n atoms or electronic, vibrational, and rotational excitations 1n
molecules Ions will, 1n general, have different states of internal energy, however, an

electron does not

In weakly 1omzed plasmas (. /N < 10 *), collisions between electrons and neutrals
will be very important in establishing the electron energy distribution function In fact,
the dominance of electron-neutral collisions 1s responsible for the general character of
these glow discharges, which behave very differently from plasmas with higher degrees

of 10omzation, where electron-electron collisions dominate
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In what follows we will consider examples of some important collision processes

Additional information can be found 1n the references [59,60]

2 7 3 1 Electron-neutral collisions

The elastic cross section for electron-neutral collisions oy will depend on the
electron velocity Examples of oy for the rare gases are shown in Fig 2 10 For rare
gases heavier than He, the cross section has a mimimum at low electron velocities, rises
to a peak which increases with mass, and then falls off at higher velocities The
mimimum 1s called the Ramsauer effect and arises from the quantum mechanical wave
nature of the electron [61] The increase in the maximum cross section with mass 1s
related to the increased size of the atom At higher electron velocities, the interaction

time 1s shortened, so that the collision has less effect on the electron
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Figure 2 10 Elastic scattering cross sections for electrons of energy E
incident on He, Ne and Ar [59]

The average amount of energy transferred from the electron to the neutral 1s £,
given by [48]
E =06E (219)
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F 1s the electron energy and &'1s given by

s=2"p (2 20)
M

where m and M are the electron and neutral mass respectively Since the neutral mass 1s
much larger than the electron mass (e g, for Ar, (2m/M) = 1/40,000), very little energy
1s transferred to the neutral 1n an elastic collision However, the electron will experience

a large change 1n the direction of its velocity, and hence 1ts momentum 1s changed

From eqn (2 18), we can write the collision frequency for electron-neutral elastic

collisions vy, as
vy =Noyu, (221)
where u, 1s the electron velocity From eqn (2 21) we can see that vy will depe’nd on the

neutral gas pressure because the neutral density N 1s inversely proportional to the gas

pressure

2 7 3 2 Electron-electron collisions

Electron-electron collisions are characterized by a cross section o, . which 1s

given by [42]

4
o, = _elﬁ_/l__z_ (222)
47'&902 (mue2 )
where

k]

B 127r(aokT /e2)5
) Jn

and m, e, u,, n, T are the mass, charge, velocity, density and temperature of the

A (2 23)

electrons, respectively The collision frequency for electron-electron elastic collision

can be given, from eqn (2 18) as

v, , =Hno,_u (2 24)

In electron-electron collisions, since the masses are equal, the electrons can
exchange energy very effectively, unlike an electron-neutral collision, where there 1s a

large mass difference Hence, electron-electron collisions will become important even at
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low degrees of 1onmization This 1s quantified by a parameter P, which 1s the ratio of the
rate of electron energy loss by electron-electron collisions to that for electron-neutral
collistons When P > 1, electron-electron collistons will become mmportant This
condition occurs for degrees of 1omization around 10 * or 10 ~° In ECR discharges,
where the degree of 1omzation 1s above this, electron-electron collisions will dominate,
while 1n planar reactors, with lower degrees of 1onization, electron-neutral collisions
will be most important This will have important implications for the electron energy

distribution function

2 7.3 3 Electron impact inelastic collisions

Though the melastic cross sections are often much smaller than the elastic ones,
the electron can lose a much larger fraction of its energy given by [42]

M
m+M

E (2 25)

where m and M are the electron and the neutral mass respectively Since M >> m,

virtually all of the electron energy 1s available for inelastic processes
As a first example, we will consider the 1nelastic processes that result when an
electron 1mpacts an atom like He In the He atom, the electrons occupy certain discrete

states, as in Fig 2 11

There are a number of important processes shown here The first is

1onization,

e+ He > He + 2e,

where 10ns and additional electrons are created Another process 1s electronic excitation,

e+ He—oHe +e

where the electrons 1 the He atom are promoted to excited states The lifetime of many

of the He excited states 1s very short (typically 100 ns or less), so that excitation is

frequently followed by radiative decay,
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Figure 2 11 Atomic energy levels for He, showing the singlet and triplet series
(not to scale) The energy necessary to wonize He atom 1s 24 6 eV, while the
energy for the first electronic excitation of He atom 1s 20 6 eV Excited atomic
states, which are forbidden from decaying to the ground state, have long
Iifetimes and are called metastable states

He'—> He+ hv

where a photon of frequency v 1s emitted Certain states in He have much longer

hifetimes These metastable states, which are shown in Fig 2 11, can have lifetimes of 1

ms or longer The metastable states also have considerable energy (e g, 20 eV for He)

and 1f they collide with ground state neutrals, they may cause excitation or 1onization

These are the Penming processes, which, for metastable species A” colliding with

species B look like

A"+ BoA+B

(Penning excitation)

A"+ B> A+B'+e (Penning 1omzation)
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These processes will increase the 1onization rates and excitation rates in plasmas, and
this 1s one of the reasons why rare gases hike He and Ar are added to process plasma

discharges

The mverse processes, where electrons are lost by recombination can also be

important One example 1s three body recombination,

He' +2e > He + e,

where two electrons are necessary to conserve momentum Another recombination

process 18 radiative recombination,

He" +e —> He + hv,

where energy and momentum are balanced by emission of a photon after recombination
[59,60,62,63]

An 1mportant process for electron loss that can occur in a plasma where the
neutral species has a high electron affimity (such as halogen discharges) 1s electron

capture [59,60,62,63], shown here for fluorine

F+e—>F

Each process will have a cross section associated with 1t In all of these processes,
the incident electron will lose an amount of energy equal to that required for the

inelastic process For the electron loss processes, the entire energy of the electron 1s lost

In rare gas atoms, electron excitation requires an amount of energy which is very
close to that for 1omzation, and therefore, the cross sections are quite similar Owing to
this, for rare gas plasmas, we can reasonably assume that where hght 1s emitted

(radiative decay following electron excitation), 1onization 1s probably also occurring

When an electron collides with a molecule (which we will represent as AB), a

number of processes may occur Dissociation, such as
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e+tAB>A+B+e

can result 1n the formation of chemically reactive radicals Another important process 1s

dissociation wonization,

e+AB—> A" +B+2e
where 10ns and radicals may be formed The dissociation products of molecules may
react to form additional species The chemically active species may also undergo

surface reactions, as 1n etching or deposition

Some electron loss processes associated with molecules are associative

recombination

e+ (AB) — AB

and dissociative attachment

e+ AB —> (AB)

2 7 3 4 Ion colhsion processes

There are a few 10n 1impact processes which are crucial to the discharge The first
1s secondary electron emission from a surface bombarded by an energetic 1on [63] This
process 1s usually characterized by a coefficient 4 which 1s the ratio of the number of
electrons emitted for each incident 1on Typically A lies between 005 and 0 1 Another

important 1on process 1s that of charge transfer

A"+B>A+B’

where A and B can be the same species This process 1s an important loss mechamsm

for energetic 10ns 1n the sheath region of discharges

36




2 7 4 Duffusion of particles

Whenever there 1s a concentration gradient of particles, the random motion of the
particles results 1n a net flow down the gradient This 1s the phenomenon of diffusion
The resulting 10on and electron current densities in the presence of a diffusion gradient

dn/dx (assumed 1n one dimension for simplicity) can be written [64]

J,=—eD, ‘Zj: (2 26)
J, =—eD, % 227)

where, D, and D, are the diffusion coefficients of the electrons and 1ons respectively It
1s possible to show that the diffusion coefficient and mobility x (the dnft velocity in umit
electric field) are related by temperature [64]
D _iT
Hu e

This 1s Ewnstein’s relation We already know that the mobulity of the electrons 1s very

(2 28)

much greater than that of the 1ons, and therefore the electron diffusion coefficient will
be very much greater than the 1on diffusion coefficient One might expect as a result
that, 1n a region of concentration gradient, the electrons would stream out very much
faster than the 1ons This 1s initially true, but the exodus of the electrons leaves the rest
of the plasma more positive and sets up a restraining electric field which grows large
enough to equalize the diffusion rates of the i1ons and the electrons Therefore, the
collective behaviour of the 1ons and electrons causes them to move with the same
diffusion coefficent This 1s the phenomenon of ambipolar diffusion In the extreme
lhmit, which occurs for electron densities above 10° cm'3, both electrons and 1ons diffuse

at twice the slower 10n rate [54,55,65]
2 7 5 Sheaths
2 751 Sheath near a non-conducting or 1solated surface
We have already examined the effects of Debye shielding which occurs inside the

plasma volume We will now explore the manifestation of this effect at the plasma edge

At the boundary, electrons and 1ons will diffuse out of the plasma, as noted 1n section

37




2 7 4, owing to their thermal energies From simple kinetic theory, the particle flux /1s
[62)

I = %nﬂ (2 29)

where, n 1s the particle density and » 1s the average velocity of the particle which 1s
given by [66]
1
7= (W‘—TJZ (2 30)

mm

with T the (1on or electron) temperature and m the mass In the absence of any sheath
effects, and for electron temperatures equal to or greater than the 10n temperature, the

electron velocity will be much greater than the 10n velocity

Let's consider what happens near a non-conducting wall (or an 1solated
conducting wall) The electron flux to the wall will be higher nitially, owing to their
greater thermal velocities However, this will cause the plasma to become more
posttive, since there 1s an excess of positive 1ons left behind An electric field will
develop which will retard the electrons and accelerate the 1ons, 1 such a way to make
the net current zero The magmtude of the potential which the plasma acquires 1s about
(3kT./e) [42], where T, 1s the electron temperature As we might guess, this potential
falls off from the wall into the plasma over a distance of the Debye length Ap (eqn
2 13), asshownin Fig 2 12

Ll —— Non-conducting / 1solated wall

S

R e
E-{- S
Loeien,

S
2
er

i,
@‘?
5%
S
T o

&
E
3

/—— Plasma potential V'

|

3kT/e

l

Figure 2 12 Behaviour of the plasma potential in the vicinity of a non-
conducting or 1solated wall The characteristic fall-off distance for the sheath
potential 1s the Debye length
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2 75 2 Sheath near a conducting electrode

Let us now consider the case of a surface across which current flows (e g, the
cathode 1n a dc glow) The form of the potential in this region can be found from

Poisson's equation The structure of the DC sheath 1s shown m Fig 2 13

Electrode

0 Sm

Figure 2 13 Structure of the high voltage DC sheath

We will assume that the potential on the electrode 1s negative and large, which
will have the effect of attracting 1ons and repelling electrons Ions crossing the sheath
boundary at x = 0 accelerate within the sheath and strike the electrode at x = s5,, We
will take the electron density in the sheath region to be zero The current density J 1s
then given by

J=en,u, (231)
where n, 1s the 10n density, e 1s the electronic charge, and u, 1s the 1on velocity The

potential ¥(x) at any position x obeys Poisson’s equation and we can write

2
iTV =2 (2 32)
dx &g
The 10n velocity 1s related to the potential ¥ by conservation of energy
%Mu,z =—eV (2 33)

where M 1s the 10on mass From these three equations, we have
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ff_V_J_(ﬂ_J 234)
dxz &€ 2eV
Multiplying this equation by (d¥/dx) and integrating,
) ! !
(‘LV) =ﬂ(ﬂ4_}2 r) 2 35)
dx &g \2e

where we have chosen dV/dx = - E =0 at V=0 (x = 0) Taking the (negative) square

root (since dV/dx 1s negative) and integrating again, we obtain

1
3

- 1
= 2
_pa 3L (ﬂj“x (2 36)
2 60 2e
Letting V' = -V} at x = s,, (= the sheath width) and solving for J, we obtain
I 3
4 V
J=—50[k)2—0— 2 37)
9 M S 2

which 1s the well-known Child Law for space charge-limited current flow The resulting

sheath thickness s, will be many times the Debye length

In addition to this "free fall" sort of sheath, in which we assumed that the ions did
not make any collisions, 1t 1s also possible to have a mobility-limited sheath, where the

10n velocity 1s determined by 1ts mobulity [54]

2 7 6 Heating mechamsms

The exact mechanisms by which the plasma sustains 1tself, although mainly due to
ionization and excitation, are quite complex At low pressures a mechanism called
'sheath heating' 1s responsible for mamtaining the plasma, while at medium pressure
localized 1omzation dominates [67] At high pressure and voltages secondary electrons
emitted from the electrodes cause 1omzation throughout the plasma In this case the

plasma resembles a dc glow discharge and 1s known as the y regime
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27 6 1 Sheath heating

For a fixed gas, electrode gap and matenal, and driving frequency, the heating
regime can be determined by the gas pressure and current density At low pressures, of
the order of 10 - 40 mTorr, currents of the order of 3 mA/cm™ and with an electrode gap
of 6-8 cm a collisionless regime for plasma electrons occurs [67] Here, stochastic
heating 1n the sheath dominates while colhsional heating due to electron-atom collisions
1s small The sheaths in an RF plasma move with speeds up to ~5x10" cm/sec Low
energy electrons are gently pushed by the bulk electric field towards the electrodes as
the sheath retreats duning the positive part of the cycle Some electrons move too slowly
to catch the retreating sheath and so they bounce and lose energy When the sheath
expands during the negative part of the cycle the electrons are unable to move away and

so collide with the sheath as 1t passes, gaining energy [68,69]

For argon this heating regime 1s enhanced by the previously mentioned
phenomenon known as the Ramsauer effect [40,61,70] The cross section for elastic
collisions, for slow electrons 1s unusually small 1n nert gases as shown in Fig 2 14 The
low energy group of electrons therefore have an extremely low electron-atom collision
frequency These electrons oscillate colhsionlessly mn the bulk of the plasma, trapped by
the ambiploar potential well and unable to gam energy from the sheaths or the RF field
The fast electrons can however overcome these barriers and effectively interact with the
argon atoms in 1onmzing collisions They then compensate for their energy losses
through collisions with the oscillating plasma sheath [71-73] Most heating occurs
during expansion of the sheaths for this process However a mechanism known as
anomalous sheath heating has been shown to occur, where heating during the retreating
part of the cycle anises [74] This anomalous effect 1s due to the presence of a large field
reversal at the retreating sheath edge This field reversal occurs because of collisional

drag forces which prevent the electrons from responding instantly to the fields

27 6 2 Bulk heating

If the pressure of the plasma 1s increased above ~ S0 mTorr, again with a 6-8 cm
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Figure 2 14 Elastic scattering cross section for Ne, Ar, Kr
and Xe (after [59])

electrode gap, for the system used in [67], the conditions of this regime are determined
by the pressure and discharge length, and ohmic or bulk heating becomes the dominant
heating regime In this case 1onization occurs locally in the bulk of the plasma as the
mean free path of the electrons 1s less than the chamber dimensions The electrons are
heated by the bulk electric field giving them a higher temperature than they had in the
stochastically heated regime The transition 1n pressure between the collisional and non-
collisional regimes can be characternized by a parameter pd where p 1s the gas pressure
and d the half width of the bulk plasma [75] The transition normally occurs in the range
pd=011t002Torrcm

2763 y regime
If the pressure of the plasma 1s increased to ~ 0 5 Torr and the driving voltage 1s

also 1ncreased, the heating mode of the plasma changes abruptly from the o (bulk

electron heating) to the ymode In this regime the 1ons bombard the surface of the
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electrodes emutting secondary electrons These electrons are then accelerated by the
sheath field to very high energies, enter the bulk plasma causing 1onization mainly at the
plasma sheath boundary but also to some extent in the bulk The 10ns produced are then
accelerated towards the electrodes causing more secondary electrons The abrupt change
in heating mode 1s also accompanied by a dramatic change in light emission from the

plasma, a sharp drop i the electron temperature and an increase in the plasma density
[76,77]

2 7 7 Breakdown

In the following sub-sections we will consider the breakdown processes that

precede the formation of DC and RF glow discharges
2771 DC breakdown
We will examine DC breakdown by considering, as an example, Ar at 30 mTorr

in a system, shown in Fig 2 15, comprising two electrodes connected to a DC power

supply with voltage ¥, through a ballast resistor R

Anode
Cathode \

Ar  P=30 mTorr

Figure 2 15 Schematic of an Ar discharge prior to breakdown The resistance
of the Ar 1s much greater than that of the ballast resistor R, so almost the
entire voltage is dropped across the discharge tube

Initially, the resistance of the neutral gas will be much greater than that of R, so

the voltage across the discharge V' = V), Let us assume that there 1s one free electron,
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formed perhaps by a cosmic ray or some UV photon, near the cathode The electric field
will accelerate the electron towards the anode Let a be the probability per unit length
that 1omzation will occur The quantity « 1s called Townsend's first 1onization
coefficient, and represents the net 1onization probability, including losses As a result of
the acceleration by the electric field, the electron will gain energy and produce

1onization This will lead to a multiplication of the number of electrons as shown 1n Fig

216

UV
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Figure 2 16 Behaviour of the discharge at breakdown An electron 1s created
by photodesorption at the cathode The electron 1s accelerated by the electric
field and causes 1onization, creating 1ons and additional electrons

The current at the anode arising from an electron current /, emitted from the

cathode 15 given by [42,78]

Iy =1yexp(ad) (2 38)
The electric field will also accelerate 10ns, and when 10ns strike the cathode, electrons
will be emitted by 10n 1impact secondary electron emission with a probability ¥ The total
number of 10ns created by the first electron multiphication 1s (exp(ad) -1) This will give
nse to Yexp(ad) -1) secondary electrons, which will also be accelerated by the electric
field and cause more 1onization and consequently more ions If we add up this sequence
of successive generation of secondary electrons giving rise to more 10ns giving rise to

more secondaries, etc , we find that the total current arrnving at the anode 1s
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Iy exp(od)

= (2 39)
1= ylexp(ad) -1]
If exp(ad) >> 1, we can write eqn (2 39) as
L= Iqexp(ad) (2 40)
1-yexp(ad)
When l-yexp(ad)=~0 (2 41)

the current 7, tends to increase rapidly, a condition arises referred to as breakdown

2 77 2 RF breakdown

Breakdown 1n an RF field 1s actually somewhat simpler than that for the DC case,
if most of the electrons are able to undergo their oscillatory motion without colliding
with a wall In this case, the oscillating electric field puts directed energy into the
electrons, which then heat up by undergoing collisions with neutrals In this way the
electrons are heated up sufficiently to produce the required amount of 10nization which
must balance the losses due to diffusion to the walls, volume recombination, electron

attachment, etc

2 7 8 Glow discharges

Prior to breakdown, we started with a homogenous neutral gas with a constant
electric field and a linear voltage drop Following breakdown, a discharge forms, and
rearranges 1tself into charactenstic regions to provide optimally for particle generation
and energy mput to balance losses For a DC discharge, just at breakdown, the current
will increase with little increase 1n the voltage This 1s called the Townsend discharge
[79] and precedes the avalanche that signifies "full" breakdown The first "state" after
breakdown 1s a glow discharge Imtially, the glow will not completely cover the cathode
surface It operates at near constant voltage in this regime, with the current increasing as
the cathode coverage increases Eventually, the glow expands to fill the cathode surface,
and subsequently, further increases in power will result in increases n both voltage and

current The salient charactenstic of a glow discharge 1s that electrons are created by
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tonization and secondary electron generation from ion impacts on surfaces If the power
1s increased further, the cathode will begin to heat Eventually, thermionic emission will
occur, and become the dominant electron creation process At this point the discharge

voltage will decrease and the glow has evolved into an arc

In the following sections, we will consider the mam characteristics of DC and RF
glow discharges In particular, we will look at those features which pertain to our

application of glow discharges to the deposition and etching of thin films

2781 DC glow discharge

It 1s convenient and traditional {54] to picture the glow discharge as comprising a
number of distinct regions Of course, this 1s an artificial construct, in reality the
discharge 1s a continuous entity Fig 2 17 shows the DC glow schematically We will

now consider each region

27811 The cathode region

A narrow luminous layer 1s often observed adjacent to the cathode The light
emitted from this region 1s thought to be due to excitation of the neutral gas followed by
a radiative decay and surface bombardment by 1ons Beyond this luminous region 1s the
Crooke-Hittorf cathode dark space, which extends to the next luminous region, the

negative glow

Whereas originally the voltage was dropped uniformly across the entire discharge
tube, 1n the glow phase, almost the entire voltage appears across the cathode dark space
or sheath This voltage will accelerate 1ons from the negative glow region to the cathode
where they will cause secondary electron emission with a probability of approximately
0 1to 005 The secondary electrons will be accelerated back through the cathode region
by the potential and will gain very high energy These high energy electrons will cause
more 1onization and excitation in the bulk near the sheath The radiative decay of these

excited atoms results in the negative glow
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Figure 2 17 Classical picture of the architecture of a DC glow discharge After
breakdown, the discharge arranges itself into characteristic regions to provide
Sor particle and energy input Most of the potential 1s dropped across the cathode
sheath region, which contains 1ons but very few electrons There are
approximately equal number of 1ons and electrons n the negative glow, Faraday
dark space and positive column (after [80])

Owing to the large electric field that exists in the cathode dark space region, the
electron density 1s small, and the 10n current 1s determined by space charge-limited flow
or mobihty-limited flow as described in Sect 2752 Assuming that we have a free fall
condition (1 ¢, the 10ns do not suffer collisions 1n the sheath), we can use eqn (2 37) to

write the Child-Langmuir expression for the 10n current density at the cathode,
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where V) and s, are the potential drop across the cathode sheath and the sheath width,

respectively
27 81 2 Secondary electron generation

Ion bombardment of the cathode will cause secondary electron generation The
secondary electron yield, which 1s the ratio of secondary electrons emitted per incident
1on will depend upon the matenal and the 1on energy It will also depend cnitically on
the condition of the surface, including both the crystal orientation and the degree of
surface contammation Some materials can have secondary electron coefficients which
exceed unity The energy of the secondary electrons ts generally quite low, typically
peaking around 2-5 eV {81]

2 7 81 3 Ionization in the cathode sheath

One of the greatest debates 1n the area of low-temperature plasma behaviour 1s
whether there 1s sigmficant 10mization 1n the cathode sheath Much of the older literature
has assumed that virtually all of the 1omization needed to supply the i1ons which are
accelerated to the cathode (and therefore lost at the cathode) occurs in the sheath [82]
One observation that supports this position 1s that the product of the dark space
thickness and the neutral pressure 1s constant for a given supply voltage On the other
hand, for species like Ar, excitation will accompany ionization, since the energy
threshold for the first excited state 1s similar to that for 1onization (11 5 eV and 15 6 eV
respectively) Thus, 1f there 1s no emission, there will be little or no 1omzation This
pomt of view 1s consistent with that of Chapman, who uses a simple calculation of
1onization rates to conclude that 1onization in the sheath cannot account for the observed

electron density [63]
This apparent conflict may be resolved by the numenical modelling of the DC

glow performed by Graves and Jensen [83] They developed a continuum model which

they apphed to a DC Ar discharge at 500 mTorr While the 1dentification of their results
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does not exactly follow the schematic description of the DC glow given above, they do
show a sheath region of high electric field and a bulk region which seems to be
identified with the negative glow region (see next section) The 10nization does occur 1n
the sheath region, however, upon close mspection, the high electrnic field extends
beyond the sheath region into the negative glow, as does the 1onization source From
their results, 1t would appear that 10ni1zation does occur 1n the sheath and 1n the region of
the sheath-glow interface In general, in a DC discharge sufficient 1onization must occur

due to the secondary electrons to sustain the plasma

2781 4 Ion charge exchange 1n the cathode sheath

lons which are being accelerated through the sheath will, in general, undergo

charge exchange collisions with the neutral species as

Ar + Ar — Ar + Ar’

This will alter their energy distribution at the cathode, since an 10n produced by charge
exchange somewhere in the sheath will not receive the full acceleration of the sheath
drop This problem has been studied both theoretically and experimentally by Davis and
Vanderslice [84]

27815 The anode sheath

Before considering the negative glow and positive column regions of the
discharge, let us consider the anode sheath region (see Fig 2 17) The anode sheath 1s,
more or less, a Debye sheath That means that there will be a voltage drop of typically
3kT./e (see Section 2 7 S) For a typical discharge with T, = 3-4 eV, the plasma will be
at a potential of about 9-12 V above the anode Since there 1s a current flowing through
the plasma, which for the DC case must be constant everywhere, then there must be a
net electron current at the anode equal to the 1on current at the cathode We note,
however, that there will also be an 1on current at the anode, given the fact that the
discharge 15 at +10V with respect to the anode From the numerical calculations [83],

the 10on current 1s about 10% of the electron current at the anode In any case, the energy
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of the 1ons bombarding the anode 1s sufficiently low as to not cause secondary emission
Some of the secondary electrons created at the cathode and accelerated by the cathode
sheath may pass through the discharge and strike the anode with enough energy to emit

additional secondary electrons This can be an important process at low pressures

2781 6 The negative glow region

The luminous negative glow is a plasma region characterized by nearly equal
electron and 10n densities, typically in the range of 10° - 10" cm*® where the electron
temperature measurements within the glow show typical values of 2 - 10 €V Since this
region 1s a plasma, the electric field 1s small The sources of energy mnput to the glow
include the energetic secondary electrons emutted from the cathode and accelerated

across the sheath, and direct acceleration of the electrons in the glow by the electric
field

The strong electric field in the cathode region 1s responsible for energy input to
the negative glow, both through acceleration of secondary electrons, and by acceleration
of glow electrons near the glow edge Thus, the magnitude of this field will be

determined self-consistently by the plasma's requirements for 1onization to sustain itself

A magnetic field nominally parallel to the cathode, as found in a magnetron
configuration [42,85,86] will cause the electrons to undergo gryo orbits, providing the
collision frequency 1s below the cyclotron frequency As a consequence, the electrons
will spend more time 1n the vicinity of the cathode and their 10mzation efficiency will
be mncreased This will result in a decrease 1n the sheath field and potential, and will also

produce a higher density discharge

The continuum model for the DC glow [83] displays a negative glow region
adjacent to the sheath and extending to the anode The calculated temperature for this

region 1s about 0 7 eV, which 1s considerably less than 1s typically measured
The negative glow region, along with the cathode and associated dark space

comprise a self-sustaining discharge configuration as shown i Fig 2 18 The sheath

field will accelerate 1ons formed 1n the negative glow These 10ns will cause secondary
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electrons to be emitted at the cathode The secondary electrons will be accelerated
across the sheath and represent the main energy input to the plasma These high-energy
secondary electrons will generate more 1onization in the negative glow Thus the

discharge 1s sustained

Cathode Cathode sheath Negative glow

e

Secondanes . ’

Figure 2 18 Schematic of the discharge behaviour in the cathode sheath-
negative glow regions lons from the negative glow fall through the cathode
sheath causing secondary electron emission The secondaries are accelerated
back through the sheath and comprise the main energy input to the negative
glow which supports the 1onization process These regions comprise a self-
sustaining combination

2781 7 Beyond the negative glow

Although a dc glow discharge may end with the negative glow, in general 1t does
not Beyond the negative glow 1s another dark space, called the Faraday dark space,
followed by the positive column and the anode sheath Although the positive column 1s
not typically found in processing plasma discharges, we will now consider briefly the

so-called Faraday dark space and the positive column

Regardless of whether the energetic secondary electrons formed at the cathode,
and accelerated through the (Crooke-Hittorf) dark space directly cause ionization, or
whether they transfer their energy to the electrons in the negative glow which then cause
1onization (or whether 1t 1s a combination of both types of processes), 1t 1s clear that the

energetic electrons represent the main source of energy input to the glow The extent of
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the negative glow 1s determined by the range over which the energetic electrons lose
their energy This determines the location of the cathode end of the Faraday dark space
There 1s, however, a small electric field 1n the plasma regions of the discharge, and this
electric field will increase the temperature of the electrons by acceleration and
subsequent scattering We note that 1t will take a certain distance to travel before the
electrons reach their equilibnum energy as a result of the electric field acceleration
Where the electrons have not yet equilibrated, we would expect no light Until they
dnfted that far, the electron energy will be below that necessary to excite inelastic
processes, such as excitation, and hence no light will be visible 1n that region Since this
distance 1s longer than the negative glow region, there 1s another dark space, namely the

Faraday dark space

27 81 8 The positive column

In the positive column (see Fig 2 17), the electrons have equilibrated with the
electric field where the electron energy becomes sufficient for inelastic processes, such
as excitation The local electric field accelerates the electrons and represents the main
energy mput source The mam losses are diffusion to the walls and radiation from hne
emission In electronegative discharges, electron attachment may be an additional
important loss mechamism Since many plasma processes mnvolve halide-containing

gases, this 1s an important consideration

The positive column may be arbatrarily long [54], or absent entirely, and serves to
connect the anode electrically to the remainder of the discharge The positive column
and other features beyond the negative glow do not usually play an important role in
plasma processing (although they are very important for discharges used as light

sources)

27 8 2 RF glow

In a DC glow discharge, most of the mput power 1s used to accelerate the 1ons
through the sheath, and appears as heat when the 1ons strike the cathode If the
secondary electron coefficient were 0 1, then, to a good approximation, only 10% of the

power will end up in the negative glow from the secondary electrons which are
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accelerated 1n the sheath In this sense, the DC glow 1s a rather efficient plasma
generator, though for processes which depend on 1on bombardment, such as sputtering,

this 1s not a problem

An even more serious limitation of a DC glow discharge 1s the necessity of
conducting net current to sustain the discharge This requirement generally precludes
the use of insulating matenals i sputtering targets, substrates, or deposited films,
because the insulators would prevent DC current conduction If the insulators did not
cover the entire electrode surface, 1t may be possible to sustain a DC discharge, but the

insulators will build up a charge, making processes difficult to control

The use of an AC power source can alleviate both these shortcomings of the DC
glow discharge Let us start by considering a very low frequency AC power source, with
a pertod which 1s long compared to the time 1t takes for the plasma particles to come to
equilibrium with the electric field We will further assume that there are no 1nsulators
present In this case, the AC discharge will be very similar to the DC discharge, except
that the current will reverse every half cycle A sheath will form at the electrode which
1s negative during the particular half cycle of the AC power, and 10ons will be accelerated
across this sheath The 10ons, which are able to cross the sheath in a short time compared
to the AC peniod, will gam an amount of energy roughly equal to the instantaneous AC
voltage Thus, the tons striking the electrodes will have a distribution of energies, which

will extend to approximately the peak AC voltage

If we now consider what happens 1f we have an nsulating electrode, we would
find that current would flow until the mnsulator charged up and terminates the discharge
On the next half cycle, however, the insulator would discharge, and current would flow
1n the opposite direction until the msulator charged up again The nsulator behaves like
a capacitor that 1s charged 1n alternate directions by the plasma If the AC frequency 1s
increased to the point where the charging time 1s much longer than the AC period,
current will flow 1n the plasma for the entire AC cycle A frequency of about 50 - 100
kHz 1s usually sufficient to achieve this condition In this case, also, we would find that
sheaths would form and 10ons would be accelerated by the instantaneous field, and arrive
at the electrodes with a distribution of energies up to approximately the peak AC

voltage
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As the frequency of the AC source 1s increased, new phenomena begin to appear
The details of the various frequency-dependant effects have been reviewed by Flamm
[87], and have been reported for a few specific processes [81,88,89] However, due to
the fact that most commercial RF plasma equipment 1s designed to work at the
internationally assigned frequency of 13 56 MHz, the use of different frequencies has
not been exploited and remains an untapped opportunity for optimizing processes We
will not consider this topic further here, but will instead explore the salient features of
plasma operation at 13 56 MHz At this frequency, the massive 1ons have too much
mmertia to respond to the instantaneous electric field in the sheath regions, while the
lighter electrons will Owing to the differences mm mobilities of the 1ons and the

electrons, however, a time-average bias will arise for certain configurations

27 821 Self bias and plasma potential

To see how this comes about, let us consider a discharge system with one small
electrode connected to an RF power source through a coupling capacitor shown 1n Fig
2 19 The charactenistic response of the plasma to a voltage ¥ is given by the curve in
Fig 220 Owing to the much greater mobility of the electrons compared to the 1ons, a
given positive voltage will result in a much larger electron current than the 1on current
which flows for the same negative voltage In effect, the plasma behaves like a leaky

diode, showing a much larger effective resistance for i1on current than for electron

current

|
A |
C N
V) Vs
v
v

Figure 219 Schematic of electrode configuration for an RF glow
discharge An RF power supply 1s capacitively coupled to the electrodes
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1 Electron saturation

Ion saturation

Figure 2 20 Electron and 1on current as functions of the applied potential
V' The greater mobility of the electrons compared to the ions results in a
larger electron current for a given positive voltage than the ion current
which flows for an equal negative voltage

Let us now apply a square wave with peak amplitude ¥y (See Fig 2 21) Imitially,
when the applied voltage goes to +Vp, the potential across the plasma 1s ¥, The
capacitor will be charged through the effective resistance of the plasma for electron
current flow, and the plasma potential ¥, will drop as shown in Fig 222 When the
power supply changes sign, the voltage across the plasma drops instantaneously by -
2V,, after which the voltage decays with the longer time constant associated with the
higher effective resistance 1on current flow As shown i Fig 2 22, this continues until
the time average electron and 10n currents are equal, a condition which results 1n time-
average negative bias on the electrode [8] Although the dernivation was presented with a

square wave power source, a sitmilar effect holds for a sine wave, as in Fig 2 23

Implicit 1n this derivation 1s the fact that the area of the large electrode was
sufficient to permit all of the necessary currents to flow duning each cycle In other
words, the limiting impedance for current flow on both half cycles occurs at the small
area electrode It 1s important to note that the features of the RF discharge which
resulted in the self bias were the presence of the coupling capacitor (which ensures a

time-average zero current), and the fact that one of the electrodes was much smaller
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Figure 2 21 Output square wave of peak voltage Vy which s used for
the circuit shown in Fig 2 19

Fast decay

(electron current) Equal electron

and 10n currents
+¥,
v — RS X N
] _/0&\ S &\\ T N 7 t
Vot
f—' J——
Slow decay —

(10n current)

Figure 2 22 Behaviour of the discharge voltage V), as the self bias
develops to produce equal electron and 1on currents On each half cycle,
the current decays as the capacitor charges from the plasma On the
half cycle where electron current flows, the decay 1s faster, because the
plasma has an effectively lower impedance owing to the greater mobulity

of the electrons

56




Applled voltage, V),
Vol—

Volts
=)

-Vol—

Voltage on small electrode, V-

Figure 2 23 Self bias for a sine wave driven system

than the other The driven electrode 1s not necessarily the one where the bias occurs
The location of the capacitor 1s similarly irrelevant in determining the bias In fact, 1f the
apparatus were symmetric and totally decoupled from ground, there would be no self
bias The grounded electrode can have a bias 1f there 1s a coupling capacitor somewhere

in the circuit and the grounded electrode 1s smaller than the driven electrode

The plasma prefers to be more positive that the most positive surface Then, for
the case of a large bias, we would expect the plasma potential to behave as shown 1n
Fig 224 Even with the self bias, the small electrode 1s positive for some fraction of a
cycle, so the time average plasma potential 1s usually higher than for the DC case Ions,
which cannot respond on the fast RF time scale will bombard the small electrode with
an energy given by the difference between the time-average plasma potential and the

time-average self bias

The magnitude of the bias will depend on the neutral pressure [90] As the
pressure 1s increased with constant power 1nto the discharge, the bias will decrease This
1s due 1n part to decreases 1n the RF voltage, because the plasma impedance decreases as

the neutral density increases Another way of looking at this phenomenon 1s that at high

57




densities, the discharge does not require as high a sheath field to sustain itself, because

1t 1s able to put energy directly into the glow electrons

Vo'—

%
/AN AN /AN

/.

oltage on small electrode, V;

Figure 2 24 Time variation of the plasma potential shown with the self bias
voltage on the small electrode In the absence of collisions in the sheath, the
1on energy at the small electrode will be the difference between the average
potential and average self bias

The asymmetric RF discharge configuration, which results in high bias, 1s the
chosen configuration for reactive ion etching [91], where 1on bombardment produces
amsotropic etching The highest bombardment energies are obtained as the pressure 1s
lowered Since excessive 1on energy can result in damage to a wafer, however, some
reactive 10n etch processes are operated at higher pressures (200-300 mTorr), to reduce
the 1on energy both through a lower bias and collisions m the sheath The latter effect,
however, tends to destroy the directionality of the bombarding 1ons, which reduces their

utility for anisotropic etching

For the case of a symmetric discharge (equal area electrodes), where there 1s no
self bias, the plasma potential appears as in Fig 2 25 Here we see that the time average
plasma potential will be much greater than for the DC case, and, even though there 1s no
bias, there will be energetic 1on bombardment which will occur at both electrodes In

this apparatus, energetic 10n bombardment occurs primarily due to the large plasma
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potential An excellent summary of the self bias and plasma potential behaviour has

been given by Kohler et al [92]

Instantaneous Time average
plasma potential plasma potential

Voltage on small electrode, ¥,

Figure 225 Plasma potential and self bias voltage for a symmetric
discharge configuration There 1s no self bias in this case, but the plasma
potential is higher than for the asymmetric case

The sheaths 1n an RF discharge have large RF displacement currents flowing
through them, but rather small conduction currents The sheaths will behave lke
capacitors with some leakage current The main part of the RF glow will be resistive,
much as the negative glow and positive column 1n a DC discharge The self bias voltage
will divide between the two electrodes 1n a fashion inversely proportional to the

capacitance of the sheath regions

v
a4 _ (93 (2 43)
Vb Ca
where a and b denote the two electrodes The capacitance of the sheath regions 1s
roughly given by
A
c=22 (2 44)
s

where A 1s the area of the sheath and s 1s the sheath thickness There are two effects

which make this expression difficult to use in practice (1) the effective area of the
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sheath will depend on (unavoidable) stray coupling from the electrode to other surfaces,
and (2) s will depend in a comphcated way on the discharge parameters Koenig and
Masssel [8] attempted to relate s to the voltage by requiring that the Child-Langmuir

space charge-limited currents at each electrode be equal

3 3
VaE bE

== (2 45)
Sa Sp

From eqns (2 43), (2 44) and (2 45) we obtain
4

Vo [ 4 (2 46)
Vb Aa

This concludes that the bias divides between the electrodes in such a manner as to be
inversely proportional to the fourth power of the ratio of the electrode areas The
caveats noted above, however, conspire to render this simplistic derivation much less
than adequate More sophisticated models have been presented by Horwitz [93] and
Kohler et al [92]

27 82 2 Discharge characteristics

Owing to the self bias, there will be energetic 1on bombardment of the smaller
electrode, with attendant secondary electron emission (In addition, there will also be
some bombardment of the larger electrode ) In this respect, an RF discharge can be
similar to the DC discharge there will be a cathode sheath and a quasi-negative glow
which 1s energized by the accelerated secondaries There are differences, however
Although the 10ns are typically going slowly enough that they will respond only to the
time average potential, the electrons will generally cross the sheath region 1n a fraction
of the RF period This can give nse to time dependent phenomena In particular the
edge of the sheath will generally oscillate Some researchers believe that this

mechanism can put energy directly into the electrons by a "surf nding" effect [94]

One charactenstic which distinguishes the RF discharge from the DC discharge is
that, because the RF field 1s changing direction in time, 1t can put energy into the
electron energy distribution function more readily than the DC field In the DC case an
electron had to dnft a considerable distance in the field to come into equilibrium with it

This 1s the reason that the positive column 1s separated from the negative glow In the
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RF case, however, the electrons will not expenence a net dnft, since the field 1s
changing direction They will equilibrate after a characteristic time Owing to this, the
RF discharge 1s more efficient than the DC discharge In a sense, the negative glow and

positive column regions overlap

27 82 3 Summary of the RF glow discharge

The RF glow discharge embodies many of the same qualitative features of the DC
glow discharge, with the formation of sheaths i which strong electric fields will
accelerate 1ons and electrons At low frequencies, where 10ons can follow the changing
electric fields, the discharge will behave similarly to the DC case As the frequency
increases, the 1ons will no longer be able to follow the instantaneous electric field, but
will instead respond to the time averaged fields Here, for discharge configurations with
unequal electrode areas and where the electrons are the dominant negative charge
carriers, a self-bias will arise which will produce a time-average negative voltage on the
smaller electrode Ions will be accelerated by the difference between the time-average
plasma potential and the time-average bias In general, the energy of the bombarding

1ons 1n an RF discharge will increase as the neutral pressure 1s decreased

Energy mput to the RF discharge occurs through three mechanisms Energetic
lons striking the electrode will cause the formation of secondary electrons These
electrons can be accelerated through the sheath and cause tonization as 1n the sheath and
negative glow regions of the DC discharge The oscillating electric fields in the glow
can mput energy directly into the electrons, much n the same way as the positive
column of the DC discharge Finally, the oscillating sheath electric field will accelerate
electrons 1n the glow This “surf-nding" mechanism has no direct analog in the DC

discharge

Several enhancement schemes for the RF discharge are possible The addition of a
magnetic field nominally parallel to the electrode surface will result in confinement of
the electrons Such schemes are used for magnetically enhanced reactive 1on etching
[44] Therr principle advantage 1s that the presence of the magnetic field increases the

electron 1omzation efficiency This results in a lowering of the sheath potential and
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concomitant lowering of the bombarding 10n energy, with no degradation of plasma

performance

It 1s also possible to use microwave power, typically at 2 45 GHz, to operate a
discharge In these schemes, the power can be coupled radiatively, obviating the need
for electrodes One very mmportant such configuration 1s the electron cyclotron
resonance reactor [53], which includes a magnetic field and a microwave at a frequency

which 1s matched to the cyclotron frequency of the electrons

2 79 Electronegative discharge

The electronegative plasma 1s different from the electropositive plasma (e g Ar
discharge) due to the fact that there 1s an additional type of particle present in this
plasma together with the positive 10ns, electrons and the neutral atoms This additional
particle 1s the negative 1on Due to the presence of the negative 1ons the entire plasma
chemistry 1s changed and therefore the plasma parameters become completely different
from those of the electropositive discharge The commonly used electronegative gases
in plasma processes 1nclude halogens and halogen containing compounds (e g Cly,
BCls, CF4, SF¢), oxygen and others [95] There has been much work done on
electronegative gases [96-99] SFs is a very common electronegative gas used for the
reactive 10n etching of materials [100-104] High selectivity 1s obtainable using the SF
gas or a mixture of SF¢ and other gas due to the presence of a greater fluorine content
This selectivity may be further enhanced by adding a small amount of Cl containing
gases (such as CFCl;, Cl; and C,FsCl) which substantially reduces undercutting effects
[105-107)

2 8 Measurement of Plasma Properties

Once a plasma has been created (or even while 1t 1s being created) in the
laboratory or in nature, 1t 1s usually desirable to be able to measure a variety of the
properties of that plasma As a state of matter, plasma 1s a complex medium, and the
measurement of 1ts properties mn a clear and unambiguous manner 1s correspondingly
difficult In addrtion to shape and location, the plasma properties to be measured imnclude

density, temperature, thermal conductivity, dielectric tensor, radiation rate, radiative-
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absorption coefficient, colliston frequency, ordinary and anomalous resistivity, velocity-
and configuration-space diffusion coefficients, distribution function, and the stability or
instabilities of the plasma Of course, some of these properties are related, and a
measurement of one determines one or more of the others There are many techniques
for measuring plasma properties Only a few important of them are described here [108-
111]

2 8 1 Current and voltage measurements 1n plasmas

Since a plasma consists of mobile 10ns and electrons, the application of an electric
field to a plasma causes these charged particles to move, resulting 1n an electric current
The ratio of the discharge potential to current 1s the impedance of the plasma
Impedance 1s one of the important plasma charactenstics and depends on the collision
frequency and density in simple plasma models Thus the measured impedance can be
compared with theoretical values to venfy or study plasma properties In some instances
the current or voltage measured 1n the external circuit of the electrical apparatus used to
create the plasma can provide useful information concerning the state of the plasma
[41]

The current in a plasma discharge 1s usually measured by means of a current
transformer, which can be air-core, ferrite-core, or iron-core, depending on the rise-time
requirements m a given expenment A current transformer generates a voltage
proportional to the denvative of the current through the loop The voltage from the
current transformer can be recorded directly on an oscilloscope and integrated
graphically, or the signal can be integrated electronically by means of a passive (or
active) circuit integrator before 1t 1s recorded An air-core current transformer 1s shown

schematically in Fig 2 26, together with a passive circuit integrator

In some cases a small current coil 1s used instead of a current transformer
allowing the main discharge current to flow through 1t This gives direct measurement
of the discharge current The schematic diagram of the apparatus for a current-voltage
measurement used by Mlynk and Hess [10] 1s shown in Fig 227 The operating
mmpedance bridge 1n Fig 2 27 includes a filter which 1s tuned for a bandwidth of 5-15
MHz Thus any harmonics of the 13 56 MHz signal were removed
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Figure 2 26 Schematic of measuring RF current using current transformer [41]
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Figure 2 27 Schematic of an experiment showing method of measuring
RF current and voltage associated with the discharge
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Roth et al [11] used commercial voltage (Phillips PM9100) and current (Pearson
2878) probes (Fig 2 28) to measure the RF voltage and current Both probes have
sufficient bandwidth to measure the fundamental frequency of 13 56 MHz and up to
four harmonics They are housed 1n an aluminium box, called a probe station, in order to
provide shielding from stray radiation The box 1s designed so that it may be inserted in

series with the coaxial cable delivering RF power to the powered electrode

Oscilloscope

S — 1 w7

network

3
' Matching
‘

Figure 2 28 Schematic of an experiment showing method of measuring
RF current and voltage using commercial probes

A commercially developed new method of measuring plasma current and voltage
1s Plasma Impedance Monitoring [112-114] The main parts of this system include (1) I-
V sensor, (1) acquisition and control umit, and (111) microcomputer The I-V sensor 1s a
post-match current-voltage sensor [-V sensors are located between the matching
network and the driven electrode of the plasma reactor (Fig 2 29) The sensors measure
current and voltage signals that are proportional to the plasma RF current and voltage
The signal 1s fed to the acquisition and control umt Microprocessor based analysis
routies operate on the acquired signals to yield the Fourier components of the
fundamental and the first four harmonic components The phase angle between the

harmonic components 1s also computed The basic RF plasma parameters (current,
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voltage and phase angle) are then transferred to the microcomputer via an interface
cable for display and further analysis A detail description of the Plasma Impedance

Monitoring System 1s given 1n chapter 3

Host Computer

3
Acquisition and e I-V Sensor
control unit
A

-¢——— Matching
network

-+—— RF generator

Figure 229 Schematic diagram of measuring RF current and voltage using
Plasma Impedance Monitoring

2 8 2 Plasma probes

There are a variety of probes used to measure plasma properties They all share
the feature of being inserted into the plasma medium in order to sample plasma
properties 1n a local region Most probes perturb the plasma in some way, and care must
be exercised to ensure that the plasma measured 1n the presence of the probe 1s the same
as the plasma before the probe was introduced The two simplest probes used 1n plasma

measurements are electrostatic (or Langmuir) and magnetic probes
2 8 21 Electrostatic or Langmuir probes
Figure 2 30 1s a schematic of an electrostatic probe, together with the electric

circuit needed to bias the probe to different voltages relative to the plasma while

measuring the current collected by the probe Langmuir and Mott-Smuth [115],
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developed the theory of such probes and showed that they could be used to measure the
electron density ., the 10n density r,, the electron temperature T,, the plasma potential
V,, the plasma floating potential ¥, (1 e, the potential of the probe for zero net current)
and the random electron and 1on current densities It was through this work that such
probes became known as Langmuir probes Many improvements 1n their design and in
the sophistication of electronic instrumentation associated with their use have been
made over the years [108] They are a simple and still useful tool in the study of

laboratory plasmas

S

Probe volt
Langmulr probe/ robe voltage

O,

CD <¢— Probe current

> —

Figure 2 30 Schematic of a Langmuir electrostatic probe in a plasma showing
biasing arrangement

Generally, a Langmuir probe 1s a small-diameter insulated tungsten wire with a
small exposed region at 1ts end to collect electrons or 1ons from the plasma, depending
on the potential of the probe relative to the plasma Figure 2 31 1s a schematic of typical
current-voltage characteristics obtained with a Langmuir probe in an unmagnetized
plasma If the potential of the probe 1s much larger than the local potential of the
plasma, the probe attracts electrons and repels 1ons, forming a sheath region around the

probe, which 1s electron-nch This sheath region 1s a few Debye lengths thick and
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Figure 2 31 Volt-ampere characteristic of a probe in a low-density arc-discharge
plasma Diagram 1s not to scale since the maximum electron current is usually 1,000
times the maximum 1on current [41]

occurs for the same reason that a given charged particle in a plasma 1s shielded, as
described 1n section 271 Thus the influence of a probe in a plasma 1s himited to a
region about one Debye length from the probe The region AB in Fig 2 31 represents
saturated 1on current for a probe biased negatively with respect to plasma floating
potential The curve BC 1s the true electron current, since the probe no longer repels
electrons for potentials above B The region CD 1s nearly horizontal, since at these
probe potentials all the random electron current entering the probe sheath 1s collected
Above D, the voltage drop across the sheath 1s greater than the 10mzation potential, and
the electrons moving toward the probe 10mze the background gas, resulting 1n a probe

arc
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2 8 2 2 Magnetic probes

Magnetic probes are used to sample the magnetic fields in or around plasmas The
probe usually consists of a few turns of wire arranged 1n a loop, which may be a
millimeter in diameter or larger, as required for the measurement These magnetic
probes operate on the principle that a time-changing magnetic field induces a voltage in
the loops, the magnetic field can be determined from a measurement of the induced
voltage These magnetic probes, which sample the magnetic field 1n a given direction,
are most generally used 1n fast-compression plasma expenments, such as the dynamic
pinch [41,116] Fig 2 32 1s a schematic of a magnetic probe as 1t might be used n a
dynamic pinch If the probe 1s oriented so as to be sensitive to the 8 component of the
magnetic field, the signal detected by the probe will be zero until the current sheet
associated with the collapsing plasma passes the probe position The magnetic field at
the probe position then rapidly jumps to the value associated with the discharge current
If the probe 1s small and movable, 1t 1s possible to measure the location of the current
shell as a function of time, and compare the results with the theoretically predicted

collapse rate

One difficulty connected with the use of magnetic probes 1s that they generate a
voltage proportional to dB/dt rather than B This problem 1s usually solved by
integrating the probe signal with a passive circuit integrator, as shown in Fig 2 32 Care
must be exercised to shield magnetic probes electrostatically so that electric fields
associated with the discharge are not also detected Such shielding limits the maximum
frequency of magnetic field fluctuations that can be detected by the probe system Many

_\other details concerming magnetic probes must be understood 1n order to avoid errors in

their use [108]
2 8 3 Other methods of measurement of plasma properties
2 8 3 1 Photography and atomic spectroscopy
In many cases plasmas emit radiation from atomic transitions in the visible region

of the electromagnetic spectrum with sufficient intensity (>10 * Joule/m? at the film) so

that the plasma can be photographed to determine 1ts position and motion Fig 2 33 1s
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Figure 2 32 Schematic of a dynamic-pinch experiment showing a magnetic probe
used to measure the time when the collapsing plasma passes a given pont (from

[41])

an example where the time development of a plasma instability 1n a pinch experiment
can be followed, and the modal pattern that develops compared with theory [117]
Gribkov et al [118] used high-speed interferometric photography of a plasma, recording
the interferograms on a magnetic video tape The method made it possible to obtain
rapid information about the state of the plasma in the instrument Chen et al [119]
studied the dynamics and chemical reactions 1n a laser-ablated PbTiO; plume by
optical-wavelength sensitive CCD photography The radiation that occurs from atomic
transitions also occurs in the vacuum ultraviolet and soft x-ray regions of the

electromagnetic spectrum, depending on the temperature and density of the plasma The
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presence of this line radiation and the profiles of the emission or absorption lines can be

used to measure plasma density and temperature [110]

Figure 2 33 Photograph of a linear pinch, taken through a hollow electrode, looking
down the hole in the center of the plasma cylinder In this experiment an axial

(directed out of the page) magnetic field was applied to "stiffen” the collapsing
plasma (from [117])

2 8 3 2 Radiation measurements

Plasmas also emit radiation in the microwave (A~1 cm) and millimetre-wave (A~1
mm) regions of the electromagnetic spectrum This radiation can be detected 1n a variety
of ways, depending on 1ts intensity and duration For example, a magnetically confined
hot electron plasma (7,250 keV) has mildly relativistic electrons and emits radiation at
the cyclotron frequency and its harmonics The radiation can be detected with a
conventional superheterodyne system with mixer, local oscillator, and intermediate-
frequency amplifier or by a cryogenically cooled indium antimomide photodetector
[120] and grating monochromator system This latter system works best 1n the 8 to 0 1

mm wavelength portion of the spectrum, and the superheterodyne system works best for

wavelengths greater than 4 mm
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Lichtenberg et al [121] used a cryogenic photodetector system to investigate the
spectral distribution of synchrotron radiation from a magnetically confined plasma
Figure 2 34 1s a plot of the absolute intensity of synchrotron radiation measured using
such a cryogenmic photodetector system Cottrell [122] measured the plasma 1on
temperature from Balmer alpha charge-exchange radiation during neutral injection

Garbuzov et al [123] measured the plasma temperature from thermal UHF radiation in

solid-fuel magneto-hydrodynamic (MHD) generators
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Figure 2 34 Spectrum of synchrotron radiation enutted by a hot-electron
plasma n a 5-T magnetic field, compared with theoretical spectra for a two-
dimensional Maxwellian distribution at 75 and 100 keV [121]

There are many other methods for the measurement of electromagnetic radiation

emitted or absorbed by plasmas This is an active area of expennmental and theoretical

research n plasma physics [124]
2 8 3 3 Single particle measurements

Magnetically confined plasmas frequently emit charged or neutral particles,
depending on the plasma density and temperature and the background gas pressure in
which the plasma resides For example, a magnetic-mirror experiment [41] has a

velocity-space diffusion mechanism that drnives particles into a loss cone, which results
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in their escape along the magnetic field lines As they escape, the particles can be
collected, energy-analyzed, and counted by a vanety of methods, such as quadrupole
mass spectrometers, crystal detectors, particle multipliers, etc The properties of the
escaping particles can be related to the properties of the plasma still in the magnetic

miror

Neutral particles are also sometimes emitted by plasmas when conditions are
right Generally, low-density hot 1ons 1n a good vacuum lead to the proper conditions
The fast-escaping neutrals are created by the resonant charge-exchange collision of a
fast 1on and a slow neutral These two particles exchange an electron, thus creating a
fast neutral and a slow 1on If the mean free path for the fast neutral 1s greater than the
size of the expennment, the fast neutral will escape where 1t can be analyzed and
counted This charge-exchange process 1s an energy-loss mechanism that must be
minimized 1 any fusion reactor, but which leads to a useful measurement tool in the

meantime

Although there are some subtleties 1n the interpretation of plasma properties in

terms of escaping single particles, the methods are generally quite useful and important
[108]

2 8 3 4 Light scattering

The invention and subsequent development of high-power lasers brought about a
new means of measuring the density and temperature of plasmas This new means 1s
based on the scattering of electromagnetic waves by free electrons The intensity of

electromagnetic radiation scattered from a small-amplitude electromagnetic wave by a

8
free electron 1s given by the Thomson cross section (s p, 257"'02), where rg 15 the

classical electron radius If the scattering electron 1s moving with a low velocity (v <<
¢), the scattered radiation 1s Doppler-shifted to a higher or lower frequency, depending
on the angle of observation This Doppler shift of the scattered radiation 1s used to
measure the temperature or velocity distribution of dense low-temperature (7, <1 keV)
plasmas [125] (by measuring the Doppler broadening of the laser line width for

radiation scattered from a laser beam by a plasma) A Maxwellian plasma-distribution
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function produces a Gaussian-shaped spectral distribution of scattered radiation whose

width 1s proportional to the plasma temperature

For plasmas with electron temperatures greater than 10 keV, the spectrum of
scattered radiation 1s not Gaussian 1n shape, but rather 1s skewed and shifted to shorter
wavelengths The wavelength of radiation scattered by a given high-velocity electron in
a particular direction depends only on that electron's velocity However, 1n a laboratory-
size hot-electron plasma (7, > 10 keV), electrons will pass completely through the
scattering region during the observation time, and as a result there 1s a correction to the
intensity of scattered radiation that must be taken into account in determining the

number of electrons 1n each velocity class [126]

2 9 Conclusion

Despite the apparent anomaly of subjecting an IC, during processing, to an
environment containing charged species, plasmas obviously play an important role 1n IC
fabrication The two process attributes, physical and chemical, are important although
their relative importance will change with the application, the plasma equipment and the
gases bemg used A plasma 1s, however, a very complex environment in which to carry
out these processes Only an improved understanding of the plasma environment will
make 1t possible to fully utilize the various process methods and to develop new

methods

The basic theory of RF plasmas has been examined Different system
configurations have been introduced to show the effect of both chamber geometry and
power coupling to the plasma Processes within the plasma have also been reviewed for
the benefit of understanding the analysis and results presented 1n the following chapters
A brief review of plasma measurements 1s also presented for understanding the

diagnostic and control techniques of plasma processes

74



CHAPTER 3

EARLY RESULTS AND ANALYSIS OF PLLASMA
CURRENT-VOLTAGE HARMONICS
MONITORING BY PIM

3 1 Introduction

Due to 1ts nherent ability for anisotropic etching, reactive 1on and plasma etching
have found wide application 1n fabricating very and ultra large-scale integrated circuits
As increasing accuracy of etching 1s required, 1t 1s necessary to have an 1 sutu tool that
automatically momitors the uniformity of etching and determines an accurate end point
for the etch At the present time, the available techmques for end-point detection
include laser reflection mterferometry [127], optical emission spectrometry [128,129],
mass spectrometry [130], ellipsometry [131], plasma impedance monitoring [132-135],
thermal 1imaging [136] and infrared laser absorption spectroscopy [137] The plasma
impedance technique eliminates the need for optical windows or extensive system
modification and can be easily adopted for automation However, little work has been
reported 1n the area of plasma impedance montoring for end-point detection in [132-
134] Patel et al [135] demonstrated end-point detection based on monitoring the
change 1n plasma composition for polycrystalline silicon (polysilicon) and S13N, etching
in an SF plasma and photoresist stripping in an O, plasma They used three separate
units of commercial equipment for the measurement of RF voltage, RF current and
phase difference between RF voltage and current In this chapter, we demonstrate the
successful end-point detection of reactive 1on etching of a S10, layer on a S1 wafer in
SFe¢ plasma with a planar capacitive discharge using a newly developed commercial
plasma impedance monitoring (PIM) system End-point conditions are tested in a novel
fashion by momtonng several harmonic components of the RF parameters (RF current,
RF voltage and the phase between RF voltage and RF current) and the best parameter is

proposed for use as a tool for the end point detection of S10; etching

75




At the beginning of this chapter the sensitivity of the Plasma Impedance Monitor
(PIM) to the reactive 10n etching process 1s investigated Thereafter, the effectiveness of
the PIM for the detection of end points 1s tested when a S10; layer deposited on a St
substrate undergoes RIE processes Since PIM is relatively new equipment for plasma
monitoring, a brief description of this equipment as well as the RIE equipment used in
this work 1s presented 1n the early sections of this chapter In the later sections of this
chapter we used the Infra-Red (IR) spectroscopy technique to confirm the end points of
the RIE processes and to see whether there was any non-uniformity in etching of the
S10; layer on S1 A short description of the IR spectroscopy technique 1s also presented

in the early sections
3 2 Reactive Ion Etching Equipment

The experimental equipment consists of a planar, capacitively coupled reactive
1on etching system coupled with a Plasma Impedance Monitoring (PIM) system
Figure 3 1(a) and 3 1(b) show a photograph and the schematic diagram of the apparatus,
respectively The RIE system consists of two water-cooled circular aluminium
electrodes separated by 6 cm The diameter of the upper electrode 1s 28 5 cm whereas
the lower electrode 1s 24 ¢cm 1n diameter A Pyrex cylinder seals the whole plasma
chamber For RIE operation the upper electrode 1s grounded and the lower electrode 1s
supplied by a 13 56 MHz RF generator » An impedance matching circuit 1s placed
between the RF generator and the lower electrode to miimize the reflected power from
the plasma chamber A dark space shield is installed below the lower electrode to
eliminate any unwanted discharge effects A mass flow controller unit controls the flow
of inlet gasses into the chamber where a rotary pump maintains the necessary vacuum n

the chamber
3 21 Plasma Impedance Momtor (PIM)

The Plasma Impedance Monitor is a similar type of equipment as used 1n [35, 37,
112, 138-141] for the measurement of plasma I-V parameters It comprises a Smart
PIM™ umt interfaced to a personal computer which was developed by Scientific

Systems Ltd , Ireland The Smart PIM™ 1s a microprocessor-based electronic system
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Figure 3 3 Electrical representation of the 1-V sensor head

capacitor (shown as C 1n Fig 3 3) The insulating matenial 1s chosen so that the
capacitive reactance of C 1s very high compared to the main plasma impedance Another
small impedance Z 1s connected 1n series with C which could be a small resistor or a
combination of a resistor and a capacitor A very small amount of current will flow
through the capacitor C which 1s proportional to the mam RF voltage This current will
mduce a voltage across the impedance Z which 1s also proportional to the RF voltage

The voltage across Z (v;) 1s measured

The sensor head measures current and voltage signals (v; and v,, respectively) that
are proportional to the plasma RF current and voltage The signal 1s fed via the I-V
cable to the radio frequency vector integrator (RFVI), which 1s housed 1n the PIM
acquisition electronics umt The RFVI board implements a proprietary sampling
technique providing phase resolution of better than 0 001 degrees {142] In operation the
RFVI captures one cycle of the I-V signal and measures accurately the phase angle

between the two signals

Microprocessor based analysis routines operate on the acquired signals to yield
the Fourier components of the fundamental and the first four harmonic components The
phase angle between the harmontc components is also computed Several measurement
speeds are provided, each measurement or sample yields the fundamental and the first

four harmonic components of the current and voltage signals and the phase angle
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between the respective components The PIM does not require frequency scanning to
capture the harmonic spectra of the basic RF plasma parameters—current, voltage and
phase angle The basic RF plasma parameters are transferred to the user's host PC via an
RS232 commumnication link (copper interface cable) for display and further analysis
using the Scientific Systems Windows™ based software, PIMSoft™

PIMSoft™ provides a complete platform required for displaying and analysing
the acquired RF plasma parameters Simple point and chck mouse operations allow
momitoring of derved parameters including the plasma load power and impedance The

ft™ function

user can also generate additional denved parameters using the PIMSo
calculator A Smart PIM unit can control four vector integrators and sensor heads This
feature allows for monitoring the plasma process at the source and chuck electrodes 1n

ﬁTM

multiple process reactors PIMSo allows simultaneous display and control of data

from the multi-sensor heads
3 3 Infrared Spectroscopy

Electromagnetic radiation 1s a good means towards an understanding of the
bonding structure of compounds when 1t interacts with the atoms of that compound The
interaction of matter with electromagnetic radiation of wavelength between 1 and 300
pm [143] induces either rotational or vibrational energy level transitions, or both, within
the molecules involved The frequencies of infrared radiation absorbed by a molecule
are determined by 1ts rotational energy levels and by the force constants of the bonds 1n
the molecule Since these energy levels and force constants are usually unique for each

molecule, so also the infrared spectrum 1s usually unique

The infrared region 1s used primanly for analysis of organic compounds because
they have unique and complex spectra In infrared spectroscopy, the film 1s irradiated by
light with frequencies 1n the infrared region of the spectrum The molecules in the film
will only absorb the radiation energy at specific frequencies, which match the natural
vibrational frequencies of the molecule These occur, as mentioned before, mn the

infrared region of the electromagnetic spectrum
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For a vibration to be IR active, it 1s necessary to induce a change in the dipole
moment The dipole moment 18 defined as the magnitude of either charge in a dipole
multiphed by the charge spacing If an atom has the same number of protons and
electrons, 1t 1s electrically neutral and does not contribute to the dipole moment The
chemical forces that exist in the molecule tend to redistribute the electrons so that a
given atom may have a deficit or an excess of electrons, being considered as a particle
with a small positive or negative charge When applying IR excitation, this charge may
change due to molecular vibration If the negatively charged atom vibrates in one
direction, and the positively charged one in the opposite direction, the vibration 1s IR
active However, 1f the molecule retains the centre of symmetry so that the dipole
moment remains unchanged, the vibration 1s IR mnactive The degree of absorption
depends on the concentration of IR active bonding within the sample, the molecular
absorption coefficient and the thickness of the sample according to the equation [144]

_ -act

where I 15 the light intensity without absorption, 7 1s the mtensity of light which has
passed through the sample, ¢ 1s the sample thickness, « 1s the molecular absorption

coefficient and c 1s the concentration of material under test

Infrared spectroscopy 1s one of the best analytical tools for the measurement of
impurities 1 sthcon and to study the structural characteristics of thin oxides 1n
particular It 1s a non-destructive and highly sensitive optical charactenization technique
It 1s optical n the fact that it studies the response to light It 1s a good method to use as

the optical beam can be easily manipulated and the samples do not get damaged
Long-wavelength light 1s directly absorbed at band features by phonons and
impurities In infrared spectroscopy the intensity of absorbed light 1s measured versus
wavelength or frequency, which provides a capacity for good analysis
3 31 Theory of infrared spectroscopy
The key optical component of an infrared spectrometer 1s a Michelson

interferometer consisting essentially of two mirrors and a beam-splitter as shown 1n

Figure 3 4 Both mirrors reflect the beams back to the beam-splitter where they are
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recombined These two beams may add either constructively or destructively depending
upon whether they are in phase or out of phase A Michelson mteferometer varies the
relative phase of one beam to the other by adjusting mirror M; If the light source 1s
monochromatic, scanning the movable muror M; causes the output beam intensity to
rise and fall periodically, as the relative phase of the two recombining beams in the
mterferogram shifts The frequency of the signal 1s proportional to the wavenumber of

the monochromatic light source as discussed in Bomem, 1989 [145]

Moving
x? Mirror, (M)

ﬂ\ Beam splitter

A /% &
> Y

O

IR Source

\ 4
Y

Y Stationary
Mirror, (M,)

Detector

Figure 3 4 Schematic diagram of Michelson interferometer

The output beam 1intensity can be given by [146]
1(8)= %[1 + Cos(2n60 )| (32)

where, /(6) = intensity measured for an optical path difference d1n the interferometer,
o= wavenumber of the light source=1', and

Ip=1ncident light intensity
When the hight source used contains many frequencies, the intensity measured as a

function of optical path difference 1s a summation (or 1n the limited case, an integral)

over all frequencies, 1 e [146],
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1(6)= EOS(G)%O[I + Cos(2md0 )| do (33)

where S(o) 1s the intensity function of the light with wavenumber o The mterferogram

measured by the spectrometer 1s [146]

1(6)= %0 [ s()Cos(2n50) do (3 4)
We can re-write eqn (3 4) as [146]
1(5)= f_g- [* s(e)™ do 35)

This equation 1s related to the frequency spectrum of the light by the Fourner Cosimne

transformation, [146]
S(o)= [ 1(6)e/?™ d& (3 6)

For a more detailed discussion of Fourier Transformation see Brighan, 1974 [147]

Since “the spectrogram (irradiance versus wavenumber), of the light incident on a
Michelson interferometer 1s the Founer transform of the interferogram (irradiance
versus path difference) as a function of mirror movement” 1t enables one by detecting
the interferogram /(9 to determune the spectral uradiance S(gjas a function of

wavenumber o by Fourier transform methods [148]

The Fourner transform methods refer 1n particular to the Fast Fourier Transform
(FFT) The FFT 1s an algonthm that can compute the Discrete Fourier Transform (DFT)
faster than other available algorithms as reported by Cochran et a/ [149] Thus using

the FFT, the DFT of the mterferogram curve 1s calculated, giving the more famihar

frequency spectrum
3 4 Experiment for Sensttivity Test

Before the onginal expenment the plasma chamber was cleaned by running the
system 1n Reactive lon Etching (RIE) mode with Ar gas at 200 Watts RF power, 72
mTorr chamber pressure and 8 6 sccm gas flow rate To determune the sensitivity of the
Plasma Impedance Monitor to process vanations, the RIE was carried out for Si wafer

samples of different sizes in the reactor with SF¢ plasma Different RF powers were
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used, while the chamber pressure and the nlet gas flow rate were kept 1dentical (1¢e,
chamber pressure = 80 mTorr and gas flow rate = 3 9 sccm) for each expeniment The
harmonics of plasma discharged power, plasma impedance and phase between RF
voltage and current were recorded with corresponding RF power supplied for each of
the sample sizes used for the experiment Each of these measurements was made a few
minutes later after the plasma was initiated, while the plasma chemistry inside the
chamber became stable and fell into time zone-II (different time zones for plasma

chemistry are explained m section 3 7}

3 5 Results and Discussion of Sensitivity Test

Figures 3 5(a)-3 5(d) show a selection of the harmonic components of plasma
discharged power, 1€, P;, P;, P3 and Py, figures 3 6(a)-3 6(d) show the corresponding
harmonic components of the plasma impedance, 1¢, Z;, Z;, Z; and Z,, whereas figures
3 7(a)-3 7(d) show the same harmonic components of the phase, 1€, @, ¢, ¢ and ¢,
for the SF¢ RIE of S1 wafers of different sizes at 80 mTorr operating pressure and 3 9
sccm gas flow rate The different subscripts used here indicate the corresponding
harmonic components, for example, subscript ‘1’ indicates the fundamental component,
subscript ‘2’ indicates the second harmonic component and subscript ‘3” indicates the
third harmonic component, etc From these figures it 1s seen that the data for no sample
in the chamber (1 e, fraction = 0) can be more easily 1solated from the other data, 1n
particular, for the case of the first two harmonics of each parameter (1 ¢, discharge
power, plasma impedance and phase) But the trends in the experimental data points for
Ya, Y2, % and a complete wafer cannot be easily separated This suggests that the PIM 1s
sensitive to the presence of silicon This 1s because the presence of silicon in the
chamber changes the constituents of the plasma and hence the impedance of the plasma
But 1n general the PIM 1s not very sensitive to the size of the sample, possibly because
the plasma chemistry inside the chamber does not vary significantly with the variation
of the sample size Also, the impedance of the lower electrode sheath 1s very little
changed with the wafer size as Y4, 4, % and a complete wafer of Si cover only 4 34%,

8 68%, 13 02% and 17 36%, respectively, of the lower electrode
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The sensitivity of the PIM 1s much better when using P, Z; and ¢ compared to
P, Z, and ¢ Because the data for no Si1 sample n the chamber for the parameters P,
Z; and ¢, are separable from the other data only for a specific range of RF power, for
example, P; for ~100-300 Watt, Z, for >100 Watt and ¢, for <350 Watt The higher
harmonic components (1€, 3™, 4™ and 5™ harmonic) of any of the measured plasma
parameters (1 ¢, discharge power, plasma 1impedance and phase) were not found to be
applicable for use as monitoring parameters because the corresponding data do not
follow any particular trend with the sample size However, the PIM showed a little
sensitivity to the presence of silicon while using P; and Z; parameters in the range of
>200 Watt and ~100-200 Watt, respectively The different sensitivity behaviours of the
PIM to the different I-V parameters mentioned above are not clearly understood These
sensitivities can be again different if the plasma environments (1 €, gas and/or sample

inside the chamber) are changed

It was of mterest to investigate whether there 1s any denved process parameter
which gives better sensitivity to the PIM Ratios of a particular harmonic component of
discharge power to the same harmonic component of plasma impedance were tested for
that purpose up to the fifth harmonic component The results for the first four harmonic
components are shown i figures 3 8(a)-3 8(d) (the ratio of the appropnate plasma
discharge power harmonic to the same harmonic of plasma impedance, 1 P/Z, 1 =
1,2,3 and 4) It was seen that these derived parameters could be useful in monitoring the
etch process while considering the harmonic components corresponding to the first two
harmonic frequencies The sensitivity of the PIM to these parameters appears to be
greater at higher RF power levels The derived parameter for the 3" harmonic frequency
(1e, P3/Z3) 1s also useful as a monmitoring parameter only at higher power levels (in this
case, greater than 200 Watts) because the data points are not clearly separated in the
lower power regimes But 1f we compare figure 3 5(c) with the figure 3 8(c) we can see
that the two figures are almost the same That means the use of P3;/Z; shows the same
sensitivity as P; So, there 1s no added advantage in using P;/Z; instead of P; as a
monitoring parameter, as 1t requires more calculations Agan, the sensitivity to
differences i sample sizes 1s not great enough (nor indeed 1s there a clear functional

dependence upon wafer size) to suggest their confident usage in this regard It 1s also
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true for this case that the derived parameters for higher harmonics (beyond third) are not

useful as monitoring parameters

3 6 Experiments for Testing the PIM for End Point Detection

In this experiment tests were carried out to determine the efficacy of fundamental
and harmonic component measurements of RF I-V parameters as a means of
establishing controllable and repeatable end point detection within an RIE process In
order to establish this, SF¢ RIE was carried out on half of a 100 mm diameter Si1 wafer
covered with a 132 um thick S10; layer for different RF powers, chamber pressures
and gas flow rates given by Table 31 The different settings of RF power, chamber
pressure and gas flow rate in Table 3 1 were chosen according to a 3-factor, 3-level
Box-Behnken expernimental design for the operating range 100-150 Watt RF power, 40-
60 mTorr chamber pressure and 3 9-6 5 sccm gas flow rate (we will discuss this 1in
detail 1n Chapter 4) Before the original experiment the plasma chamber was cleaned,
similarly as before, by running the system in RIE mode with Ar gas at 200 Watts RF
power, 72 mTorr chamber pressure and 8 6 sccm gas flow rate During each run of the
RIE processes the experiment was continued until the S10, layer was completely
removed We also allowed the experiments to continue until some of the upper Si layers
were etched away to confirm that there was no more S10, on top of the St sample after
the etch process The values of different harmonics of I-V parameters were recorded and
plotted against time to examine the change in values of the parameters while the S10,

overlayer was being completely etched away

3 7 Results and Discussion of the Use of PIM as End Point Detector

We plotted all the I-V parameters (1 e, RF voltage, RF current, RF power, RF
impedance and phase) up to the 5™ harmonic against time to see whether there 1s any
change 1n those parameters when the Si-S10; interface 1s reached during the etch
process But we could not find any significant difference in values 1in any of the
harmonics of these parameters except the fundamental components of RF impedance
(Z) and the phase (¢;) All except Z; and ¢ change their values in an uncorrelated

manner and cannot be used as monitoring parameters for end pomnt detection For
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Table 31 Design matrix of the experimental run for the end point detection
experiments

Run RF Power (Watt) Chamber Gas flow rate
Pressure (mTorr) (sccm)
1 100 40 52
2 100 60 52
3 150 40 52
4 150 60 52
5 100 50 39
6 100 50 65
7 150 50 39
8 150 50 65
9 125 40 39
10 125 40 65
11 125 60 39
12 125 60 65
13 125 50 52

simplicity of discussion we have included only the plots for Z; and ¢ 1n this section
Figures 3 9-3 21 display both Z; and ¢, plotted against time for the different RF
powers, chamber pressures and gas flow rates as the SFg RIE was carried out on the Si

wafer covered with a 1 32 pm S10; layer, 1n accordance with the expenimental "Runs"

defined 1n Table 3 1

First, 1if we consider only ¢ we see from the figures that the value of ¢ varies
according to a fixed pattern for all the experimental conditions In order to facilitate an
explanation the total time period used for each experiment can be subdivided into four
time zones as shown 1n the figures After the plasma 1s mitiated the value of ¢ vanes
continuously and becomes stable after a certain period of time This 1s marked as time
zone I This vanation i1s due to the time required to reach a steady-state discharge
condition for the plasma [135] The main reason of this change 1s due to the chemical
effects imposed by the cleaning of the chamber surface just after the imitiation of the
plasma In time zone II the constituents inside the plasma chamber are stable and fixed
because only the S10, 1s being etched away This 1s why ¢; maintains almost a fixed
value throughout this zone At the end of this zone the S10, layer 1s completely removed
and Si underneath the Si10; layer starts to be etched That means that the plasma
chemistry 1s changed from one state to another Again, to reach another steady-state

discharge a finite amount of time 1s required and this 1s what we see 1n time zone III In
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Figure 39 Fundamental components of RF impedance and phase plotted
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against ttime while SFs RIE was carried out on half of a 100mm diameter St

wafer covered with 1 32um thick $10; layer at RF power=100 Watts, chamber
pressure=40 mTorr and gas flow rate=5 2 sccm (Run 1)
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Figure 3 10 Fundamental components of RF impedance and phase plotted
aganst ime while SFs RIE was carried out on half of a 100mm diameter Si

wafer covered with 1 32um thick $10; layer at RF power=100 Watts, chamber
pressure=60 mTorr and gas flow rate=5 2 sccm (Run 2)
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aganst time while SFs RIE was carried out on half of a 100mm diameter Si

wafer covered with 1 32um thick §10; layer at RF power=150 Watts, chamber
pressure=40 mTorr and gas flow rate=5 2 sccm (Run 3)
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Figure 3 12 Fundamental components of RF wmpedance and phase plotted
against time while SFs RIE was carried out on half of a 100mm diameter S

wafer covered with 1 32um thick S10; layer at RF power=150 Watts, chamber
pressure=60 mTorr and gas flow rate=5 2 sccm (Run 4)
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Figure 3 13 Fundamental components of RF impedance and phase plotted
against time while SFs RIE was carried out on half of a 100mm diameter Si

wafer covered with 1 32um thick §10, layer at RF power=100 Watts, chamber

pressure=50 mTorr and gas flow rate=3 9 sccm (Run 5)
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Figure 3 14 Fundamental components of RF impedance and phase plotted
against time while SFs RIE was carried out on half of a 100mm diameter Si
wafer covered with 1 32um thick S10; layer at RF power=100 Watts, chamber
pressure=50 mTorr and gas flow rate=6 5 sccm (Run 6)
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Figure 3 15 Fundamental components of RF impedance and phase plotted
aganst tuime while SFg RIE was carried out on half of a 100mm diameter St

wafer covered with 1 32um thick §10; layer at RF power=150 Watts, chamber
pressure=50 mTorr and gas flow rate=3 9 sccm (Run 7)
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Figure 3.16 Fundamental components of RF impedance and phase plotted
against time while SFs RIE was carried out on half of a 100mm diameter Si
wafer covered with 1 32um thick $10; layer at RF power=150 Watts, chamber
pressure=50 mTorr and gas flow rate=6 5 sccm (Run 8)
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Figure 3 17 Fundamental components of RF impedance and phase plotted
against tme while SFs RIE was carried out on half of a 100mm diameter St
wafer covered with I 32um thick $10,; layer at RF power=125 Watts, chamber
pressure=40 mTorr and gas flow rate=3 9 scem (Run 9)
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Figure 3 18 Fundamental components of RF impedance and phase plotted
against ime while SFg RIE was carried out on half of a 100mm diameter St
wafer covered with 1 32um thick §10; layer at RF power=125 Watts, chamber
pressure=40 mTorr and gas flow rate=6 5 sccm (Run 10)
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Figure 3 19 Fundamental components of RF impedance and phase plotted
against ime while SFs RIE was carried out on half of a 100mm diameter St
wafer covered with 1 32um thick $10, layer at RF power=125 Watts, chamber
pressure=60 mTorr and gas flow rate=3 9 sccm (Run 11)
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Figure 3 20 Fundamental components of RF impedance and phase plotted
against time while SFs RIE was carried out on half of a 100mm diameter St
wafer covered with 1 32um thick $10; layer at RF power=125 Watts, chamber
pressure=60 mTorr and gas flow rate=6 5 sccm (Run 12)
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Figure 3 21 Fundamental components of RF impedance and phase plotted
against time while SFg RIE was carried out on half of a 100mm diameter St
wafer covered with 1 32pm thick S10; layer at RF power=125 Watts chamber
pressure=50 mTorr and gas flow rate=5 2 sccm (Run 13)
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this zone ¢ vanes gradually from one steady-state value to another and at the end of

this time zone it becomes stable again Throughout the time zone IV ¢ maintains a

fixed value because the constituents of the plasma again become fixed and stable

The time required to completely etch the S10, layer (or to start the transition of
the ¢; value) depends on the etch rate, which 1s a function of experimental conditions
1¢, RF power, chamber pressure and gas flow rate That was the reason why the
transition of ¢, from one value to another occurred at different times (after the discharge
was mtiated) for different experimental conditions The value of ¢ 1s also different for
different expenimental conditions even though the sample conditions (S10; or Si) are
identical For this reason the change in the value of @, when the S10,-S1 interface 1s

reached, 1s different for different experimental conditions which can be clearly

identified from the figures

If we consider Z; as an end point detector we see from the above figures that 1t
also adheres to the same four time zones in most of the experimental conditions but not
for all the experiments In figure 3 19 1t 1s difficult to separate the time zone [l 1 ¢,
there 1s no significant change 1n the value of Z; when the S10,-S1 interface 1s reached In
figures 3 17 and 3 18 the value of Z; goes downward in time zone III, whereas 1t goes
upward 1n rest of the figures Although time zone I 1s not important for end point
detection, we observed that after the imtiation of plasma the value of Z; goes downward
n this zone 1 some of the expennments (figures 39, 3 11,3 12,3 15,3 16,317, 3 18,

319 and 3 21) whereas 1t goes upward 1n the other experiments (figures 3 10, 3 13,3 14
and 3 20)

The increments of ¢ values 1n time zone I indicate that the reactive part of the
plasma mmpedance becomes more inductive when S10; 1s being etched than when
nothing 1s being etched Simuilarly, the increments of ¢ values 1n time zone III indicate
that the reactive part of the plasma impedance 1s more inductive when S1 1s being etched
than when S10; 1s being etched The relative variation of sheath capacitance with the
plasma chemistry could be the major reason for these changes in ¢ values mentioned
above (in time zones I and II) However, Z; denotes the absolute value of the

fundamental component of plasma impedance, which varies as a function of both of its

117




real and the reactive parts This can account for the fact that the Z; values change n a
somewhat complex manner compared to the ¢; values and do not follow the same trend

for all the experiments

We should note here that duning the end pomnt experiments described 1n section
3 6 the harmonic components of the RF discharged power and/or the RF current were
very small compared to their fundamental components For example, 1n run 13 given in
Table 3 1, the second, third, fourth and fifth harmonic components of discharged power
were ~121%, ~0317%, ~003% and ~00%, respectively, of the fundamental
component whereas the same harmonic components of the RF current were ~2 63%,
~1 44%, ~0 49% and ~0 24%, respectively, of the fundamental component Therefore
when the plasma chemustry changes at the end point, the change in the harmonic
components of I-V parameters becomes very small and cannot be 1dentified easily by
the PIM That 1s why the higher harmonic components of I-V parameters could not be

used for end point detection

From the above discussion we can conclude that the fundamental component of
phase can be used as a good controlling parameter for end pomnt detection when Si
wafers covered with a S10, layer undergoes a SF¢ RIE process The fundamental
component of plasma impedance can also be used for end point detection but only for
specific expennmental conditions The other harmonics or [-V parameters were not found

to be useful as parameters for end point detection

3 8 Experimental Confirmation of the End Point Detection

To confirm that there was no S10, left on the S1 wafer we carried out two different

experniments/observations They are described below with the results and comments

3 8 1 Observation of the plasma colour
The plasma species concentration gradually changes from one state to another

when the S10; layer 1s completely removed and the Si layer starts to be etched away

(time zone T 1n figures 3 9-3 21) This change takes a fimte amount of time when the
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emission properties of the plasma also changes gradually from one state to another Due
to this change a clear change in plasma colour was observed during the RIE
experiments After the plasma was imtiated photographs of the plasma were taken by a
digatal still camera at different times of the etch process Figure 3 22 shows twenty-four
chronological pictures (numbered from 1 to 24) depicting the evolution of the plasma
with time The pictures were taken at intervals of approximately 90 seconds The two
relatively dark portions at the top and the bottom of each picture indicate the image of
the top and the bottom electrode of the plasma chamber, respectively The intermediate
portion between the two electrodes shows the image of the actual plasma During the
experiment we also monitored the ¢ value against time Pictures 1-10 were taken 1n
time zone II, pictures 11-17 were taken 1n time zone III and pictures 18-24 were taken
m tume zone IV The constant pinkish plasma colour shown by pictures 1-10 1s
consistent with no change 1n the plasma chemustry in time zone II In pictures 11-17 we
can see that there 1s a gradual change m the plasma colour from pinkish to whitish
which reflects the gradual change in the plasma chemustry in time zone Il Pictures 18-
24 mamntain the same whitish colour consistent with another stable plasma condition as
the RIE process 1s carried on From figure 3 22 we see that the plasma colour totally
changed from pinkish to whitish which reflects the complete change over of the plasma
chemistry This was one ndication that the S10; layer was completely removed after the

process

3 8 2 Infra Red Spectroscopy measurements on the samples used for RIE

experiments

After each of the etching expenments given by Table 3 1 we carried out a Founer
Transform Infra-Red (FTIR) measurement on the sample used for the RIE experiments
to prove that there was no S10; left on the surface of the sample The FTIR reflectance
spectrum was obtained using a Perkin-Elmer FTIR 2000 system operating 1n reflection
mode The scanning resolution was 2 cm ' The angle of IR beam mcidence was set to
35° with respect to the normal to the surface of the sample All the scans were
performed at room temperature and normal atmospheric conditions The Kramers-
Kronig transformation [150,151] was used to obtain the absorbance spectrum from each

of the reflectance spectra For comparisons the spectra were obtained under identical
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FTIR acqusition conditions from a bare S1 wafer and a S1 wafer covered witha 1 32 pm
thick S10, layer, respectively Figure 3 23 shows five absorbance spectra plotted
against wavenumber, where a, b and c represent the absorbance spectra obtained at
three different locations of the Si sample used for one of the end point experiments
given by Table 3 1 For our interest we repeated this particular end point experiment and
stopped when the value of ¢, just became flat and went into zone IV (see figures 3 9-
3 21) after the transition from one value to another The different positions on the
sample were so chosen that they were at different radial positions of the powered
electrode of the RIE equipment during the end-point experiment—one positioned near
the edge of the sample which was nearest to the centre of the electrode, one near the
edge of the sample which was farthest from the centre of the electrode and the other at
the middle of the sample The spectra I and II represent the same absorbance spectra
taken from a bare S1 wafer and a Si1 wafer covered with 132 pm thick S10; layer,
respectively All the spectra in figure 3 23 are plotted at the same scale except each

spectrum 1s vertically shifted so that they can be easily compared

From figure 3 23 1t 1s clearly evident that all three spectra (1€, a, b and c¢) taken
from the sample are similar to that of the bare silicon (1 e ,I) That proves that there was
only Si1 on all the surface of the sample Again, 1f there was any $10, left on the surface
of the sample, 1t would display a peak near 1080 c¢m ' [152-154] 1n the absorbance
spectrum, which 1s clearly shown m the spectrum obtained from a Si sample covered
with S10, layer (1e, II) The above discussion confirms that the S10; layer was

completely etched away dunng the RIE end point experiment

3 9 Test of Non-Uniformity of Etch Rate During the End Pomnt Experiment

The plasma species concentration changes at the completion of the etching of the
S10; layer, forcing the electrical parameters to change As discussed 1n section 3 7 the
value of ¢y completely reflects this change The transition time to reach the next steady
state condition also depends upon the areal non-umformity in the etching To see
whether there was any non-uniformity in the etching we carmied out two different

experiments They are descnibed below

122




1
K
ooooam O (@] a oo --— — llll]:ﬂ:ﬂll]]]llllﬁ]:ﬂll]:ﬂ]]ll]]]:ﬂll]]]:ﬂllﬂ:ﬂlllll
+
[ 123 *,
B&C! A A EJ 9 H #9 JE 39
=9 # ) J & #9 8 7 7 # 9 H H )
EE& 9 L
51'4 @ $ % A
1 +3 30+ ; | 0303 1 1+1114+3 0 '0 O* 15 315

0O ! 6+!0 ;63 10"0 63 10 *32 2 171 2 70
*33 +0+! 4+4 8 6 8 43* 3 0 O7 = 0*



S10; layer) and continued for 20 minutes (1€ 1200 sec) after the plasma was mnitiated
After that we obtained the FTIR transmission spectra at three different positions of the
sample used for the RIE experiment The three positions were chosen in a similar
fashion to section 3 8 2 1 e, one near the edge of the sample which was nearest to the
centre of the electrode, one near the edge of the sample which was farthest from the
centre of the electrode and another at the middle of the sample Before the RIE
experiment we obtained the same transmission spectra on the original S10, sample at
two different positions to see whether there was any imhomogeneity in oxide film

thickness throughout the sample surface

Figure 324 shows the FTIR transmission spectra obtained at two different
positions for the fresh S10,-S1 sample before use in the RIE experiment mentioned
above Figure 3 25 shows the same spectra obtained at three different positions on the
same sample after the RIE expernment From figure 3 24 1t 1s clear that peak heights for
both the positions are almost same both at ~1080 cm ' and ~800 cm™ wavenumbers
[154] The S10; layer thickness maintains a linear relationship with the peak height of
the infrared absorption spectrum [154-156], thus confirming that the oxide thickness of

the onginal sample before RIE was the same across the surface of the sample

Now from figure 3 25 we see that there 1s a clear difference in the peak heights of
absorbance spectrum obtained at three different positions showing the difference n
oxide layer thickness at those positions This proves that the etching rate in the end

pomt experiments described by Table 31 was not uniform throughout the sample

surface

39 2 Check for areal non-umformity n etching

As we expected a variation of etch rate with radial position of the sample on the
powered electrode due to the vanation of plasma particle densities [157] we repeated
the end point experiment described by Run 13 in Table 3 1 four times with the same
sample size (half of a 100 mm diameter S1 sample covered with 1 32 pm thick S$10;
layer) but cut into a different numbers of pieces (1¢ 1, 2, 4 and 6 pieces, respectively)

We placed all the pieces at approximately the same radial position on the powered
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S1-S10, Sample

(a)

(b)

Figure 3 26 Si-S10; sample (St wafer covered with 1 32 um thick $10; layer) cut
into preces and placed at approximately the same radial position on the powered
electrode during the check for areal non-uniformity in etching experiment In (a) a
smaller portion of the two bigger pieces 1s at the same radial position on the
powered electrode compared to that in (b) containing six smaller preces
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Figure 3 27 Transition time required for ¢, to change its value from one
steady-state to the other during the end point experiment described by Run
13 1n Table 3 1 as a function of the number of pieces of the sample used for
the experiment

as sensitive to changes 1n the size of the etched silicon sample Sensitivity 1s high while
using P;, Z; or ¢; parameters as the monitoring parameters The use of P;, Z; or ¢ also
showed good sensitivity but only 1n specific ranges of RF power The higher harmonics
(beyond second) of RF parameters were not found to be useful as momtoring
parameters except where P; and Z; showed some sensitivity in specific ranges of RF

power for plasma operation

If one uses a dernived ratio of the discharged power to the plasma impedance of the
same harmonic component while considering any of the first two harmonic frequencies,
better sensitivity can also be obtained at higher power levels The use of denived
parameters for higher harmonic components (beyond second) are not applicable as

monitoring parameters
It 1s also shown that monmitoring the fundamental component of phase (¢;) 1s a

useful technique for observing an endpoint of S10; etching on a Si wafer using SF¢ RIE

The PIM can easily detect the change in the value of ¢ when the S10; overlayer 1s
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completely and preferentially etched away The fundamental component of plasma
impedance (Z;) also appears to give good end point detection but only for specific
ranges of RF power, chamber pressure and gas flow rate The other I-V parameters or
harmonic components (not shown here) were found to be of little use for the end point

detection

The plasma species and their concentrations change from one steady-state
condition to another at the completion of the S10; layer etch, forcing the electrical
parameters to change The change of ¢; (or Z;) value reflects these changes The

transition of ¢; (or Z;) value to the next steady-state requires a fimte amount of time as
the plasma species and their concentrations need a finite amount time to reach their next
steady-state condition The transition time also increases as the areal non-uniformity 1n
the etching increases This transition time can be reduced by cutting the sample 1n many
preces and placing them at the same radial positions of the powered electrode during the

end point experiments, because the etch uniformity 1s improved in this way
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CHAPTER 4

MODELLING OF MONITORING
PARAMETERS

4 1 Introduction

To rehably detect the end point of a process it 1s necessary to predict the value of
the monitoring parameters used as the end point detector when the actual end point 1s
reached Sice our aim was to detect the end point of the SF¢ RIE of the S1-S10;, sample,
we needed to model the momtoring parameters when the S1 sample undergoes the RIE
process 1n order to predict the value of these parameters The monitoring parameters can
be empirically modelled as polynomial equations of input factors 1e, RF power,
chamber pressure and gas flow rate for a fixed range of their values The modelled
equations are vahid only within the range considered for the model It 1s possible to
predict the value of a monitoring parameter with good precision from the modelled
equations 1f the values of the mput factors are known for a particular process This
model needs specific experimental design Since 1n our case there were three input
factors — RF power, chamber pressure and gas flow rate — the Box-Behnken [158]
experimental design methodology was found to be appropriate for modelling the

monitoring parameters

In this chapter the modelling of the monitoring parameters using the Box-Beknken
design methodology 1s described The errors 1n the predicted value of the momtoring
parameters are also investigated At the beginning of this chapter a brief description of

experimental design and the Box-Behnken design methodology 1s presented
4 2 What 1s Experimental Design®
Experimental design consists of applying purposeful changes of inputs (factors) to

a process (or activity) in order to observe the corresponding changes mn the outputs

(responses) The process (or activity) i1s defined as some combination of machines,
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materials, methods, people, environment, and measurement which, when used together,
perform a service, produce a product, or complete a task [4] Thus experimental design
1s a scientific approach which allows the researcher to gain knowledge 1n order to better

understand a process and to determine how the inputs affect the response(s)

Graphically, a process appears as shown in Figure 4 | Obviously there exist
many different kinds of processes, the one provided here 1s representative of various

applications of designed experiments
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Figure 4 1 Illustration of a process

4 3 Why Use Experimental Design?

Regardless of where one works (research, development, design, quality, test,
rehability, manufacturing, packaging, etc ), the task for most scientists and engineers is
to gain, document, and transfer product and/or process knowledge To really understand
a process (or activity) one needs facts and data Collecting data through the use of one-
factor-at-a-time experimentation and/or a series of trial and error tests has resulted in
very mefficient and ineffective attempts to understand and optimize product designs and

processes

131




For the engineer or scientist experimental designs are used as (1) the most
effective method for 1dentifying the key input factors, (2) the most efficient way to gain
an understanding of the relationship between the input factors and the response(s), (3) a
method for bulding a mathematical model relating the response to the mput factors,
which 1s often referred to as process/product characterization, (4) a means of
determining the settings of the mput factors which optimize the response and minimize

cost, and (5) a scientific method for setting tolerances [4]

4 4 Conversion of Actual Factor Settings to Coded Values

Although the actual settings are used to run the experiment, it 1s necessary to
standardize the different factor units and scale them before analysis The standardization
1s performed by coding the low actual settings as 1 and the high actual settings as +1
To convert from coded to actual settings and vice versa the following formula can be

used

Actual ={H’ ;L°]+[H‘ ;LO] x Coded 4 1)

A more formal approach 1s presented in eqn 4 2

— — f J
Ty or f,—f,+*—2—xj (42)

where x, 1s the coded setting for factor

J, 18 the actual setting for factor

f’ , 15 the average of all the actual settings for factor

d, 1s the distance between the largest and smallest actual settings of factor ; [4]

For convenience, researchers sometimes abbreviate the “+1” and “-1” with “+” and “-”,
respectively, as shown 1n Table 4 1 Each column of factor values 1s referred to as a
vector 1n the design matnix A design of # runs 1s considered to be balanced vertically

when the coded values, x,,, sum to zero , 1 ¢,

n
ny =0 (4 3)
1=1
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Table 4 1 Coded values for 3-factors in a 4-run design matrix

(a) Factors (b) Factors
Run A B C | Run A B C
1 +1 +1 +1 [ 1 + + +
2 +1 -1 -1 2 + - -
3 -1 +1 -1 3 - + -
4 -1 -1 +1 4 - - +

for each factor (or column) y Balanced designs are desirable because they simplhfy the
calculations duning analysis, and under certain conditions they lend themselves to
orthogonal designs A design matrix 1s said to be orthogonal 1f 1t 1s balanced vertically

and 1f the dot product of all possible column pairs 1s zero, 1 ¢,

n
D Xy Xy =0 (4 4)
1=1

for all » combinations of columns ; and &, where j#k In other words, multiplying the +1

and —1 values m each row for any 2 columns should sum to zero [4]
4 5 Box-Behnken Designs

An efficient and frequently used 3-level design for modelling quantitative factors
(time, temperature, pressure, flow, speed, concentration, power, etc) 1s the Box-
Behnken design In their 1960 article, Box and Behnken [158] provided tabled Box-
Behnken designs for k (number of factors) up to 16 (excluding k=8) When k=4, the
design, 1n shorthand notation, appears as shown in Table 4 2 This design 1s divided into
3 orthogonal blocks of 9 runs where each £1 refers to alternating columns of (- - + +)

and (- + - +) The completed 27 run Box-Behnken for k=4 1s shown 1n Table 4 3

Table 4 2 Shorthand notation for a Box-Behnken design for 4 factors
Factors

coltloot|looc |k

ol olot ocloot|=
cohltloh oot ola
ot cloot|lot olu
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Table 4 3 Complete set of 27 runs for a Box-Behnken design based on 4 factors

Run A B C D

1 - - 0 0

2 - + 0 0

3 + - 0 0

4 + + 0 0

5 0 0 - -

6 0 0 - +

7 0 0 + -

8 0 0 + +

o [0 | o o | o

10 - 0 0 -

11 - 0 0 + Note Interaction and quadratic columns can
12 + 0 0 - be developed by the appropriate column value
13 + 0 0 + | multiplications

14 0 - - 0

15 0 - + 0

ig g 1 N g The orthogonal blocks are separated by
18 0 0 0 0 dashed lines

19 |77 0] - 0

20 - 0 + 0

21 + 0 - 0

22 + 0 + 0

23 0 - 0 .

24 0 - 0 +

25 0 + 0 -

26 0 + 0 +

27 0 0 0 0

If only 3 factors were used, the design would appear graphically as shown n Fig
4 2 The Box-Behnken designs are nearly orthogonal The primary disadvantage of Box-
Behnken designs 1s that the large number of runs required to estimate all factor second-
order effects (1€, A% BL C? etc ) and all linear 2-way interactions (1e, AB, BC, AC
etc ) when the number of factors 1s high That 1s why the Box-Behnken design will be

less efficient when the number of input factors 1s greater than 4 [4]

A shorthand notation summary of Box-Behnken designs for k=3, 4 and 5 1s
displayed 1n Table 4 4
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Run A B C

: . ) ) 0,1,1

2 - + 0 ( L )

3 + - 0

4 + i 0 (-1,0,1) (1,0,1)

5 - 0 - (3;1,1)

0 - 0 * *CLLO) (1,1,0)¢ T
/ * 0 ) (0,0,0)

8 + 0 + O C
9 0 - . (-1-1,0)® }‘(1,-1,0)

10 0 - + (0,1,-1)

11 0 + - ('I)Oa'l) (1,0,_1)
12 0 + + (%,-1)

131 0| 0 |0 A —> B

14 0 0 0

15 0 0 0

Figure 4 2 Design matrix and geometric representation of a Box-Behnken design for 3
factors

4 6 Experimental Equipment

The same experimental equipment described 1n section 3 2 (Fig 3 1) was used for
this experiment It 1s consisted of the planar, capacitively coupled reactive 1on etching
system coupled with a Plasma Impedance Monitoring (PIM) system (see section 3 2 1)

Figure 3 1 shows the schematic diagram of the apparatus

4 7 Experiment

Figure 4 2 shows the design matnix and geometric representation of the Box-
Behnken design used for these expernnments In this figure the symbols A, B and C
represent the coded values of RF power, chamber pressure and the gas flow rate,
respectively Four sets of experniments were carned out for different operating ranges of
mput factors and different sample conditions inside the chamber Table 4 5 shows the

operating ranges and sample status mnside the chamber used for these experiments
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Table 4 4 Box-Behnken designs for k=3, 4 and 5

Box-Behnken Designs

Number Number Blocking and
of Design matrix of centre-point
factors points information
(k)
+1 | 0 4
*1 0 +1 4 No orthogonal
3 0 +] +1 4 blocking with 3
0 0 0 3 replicated centre-
n=15 points
*1 +1 0 0 4
0 0 +1 +1 4
0 0 0 0 1
+1 0 0 +1 4 1 3 blocks of 9 runs
0 g | *1 0 4 each and 1 centre-
4 0 0 0 0 1 point per block
*1 0 +1 0 4
0 +1 0 *1 4
0 0 0 0 1
n=27
= | +1 0 0 0 4
0 0 +1 +1 0 4
0 +1] 0 0 +1 4
R | 0 *1 0 0 4
0 0 0 +1 +1 4
0 0 0 0 0 3 2 blocks of 23 runs
5 0 +1 +1 0 0 4 1 each and 3
+1 0 0 +1 0 4 replicated centre-
0 0 +1 0 +1 4 points per block
+1 0 0 0 +1 4
0 | 0 zl 0 4
0 0 0 0 0 3
n=46

Table 4 5 Operating ranges and sample status inside the chamber considered for

modelling
RF power Chamber pressure Gas flow rate
Experiment (Watts) (mTorr) (sccm) Sample status
Lo Hi Lo Hi Lo Hi mside the
chamber
1 50 300 40 200 156 7 80 No sample
2 100 200 40 100 260 520 No sample
3 100 150 40 60 390 6 50 No sample
4 100 150 40 60 390 6 50 Y of 100mm
dia S1 wafer
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Before each set of the experiments the plasma chamber was cleaned by running
the system in RIE mode with Ar gas at 200 Watts RF power, 72 mTorr chamber
pressure and 8 6 sccm gas flow rate The system was subsequently run 1n reactive 1on
etching mode with SF¢ gas as per the conditions shown 1n table 4 5 The values of the I-

V parameters were recorded at each of the experimental runs shown 1n figure 4 2
4 8 Modelling of Current-Voltage (I-V) Parameters

The 1I-V parameters were modelled using the Q-Edge™ software from the values
recorded 1 each of the experniments The resulting polynomial equations for
fundamental components of discharged power and plasma impedance for each of the
experiments are given below In the polynomial equations the letters A, B and C
represent the coded values of RF power, chamber pressure and gas flow rate,

respectively

Q-Edge™ 1s a state-of-art design of experiments (DOE) software package [159]
This software provides the Box-Behnken design for expenments of 3 or 4 input factors
The response parameters of any three or four-factors experiment can be expressed as
functions of the input factors The design allows only for the mam effects, second order
effects and the two-way interactions That means that the polynomial equations of the
response parameters will contain only the linear terms (1 ¢, A, B, C etc ), their quadratic
factors (1¢, A%, B?, C? etc ) and their linear products- two at a time (1e, AB, BC, AC
etc )

The percentage errors in determining the I-V parameters from their modelled
equations were calculated at each of the experimental conditions (given by figure 4 2)
for each set of experiments (given by table 4 5) They are also shown following the
respective polynomial equations for the I-V parameters The errors in the predicted

values were evaluated using the following equation,

Percentage Error =—£—2x100 (43)

a

where, Y, = measured value of a parameter and Y, = predicted value of the parameter

determined from the modelled equation
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Figures 4 3-4 5 show that the errors 1n the predicted values of the I-V parameters
determined using the modelled equation are different for the different operating ranges
of input factors considered for the model outlined 1n table 4 5 The errors become higher
for larger variations 1n mput factors As we can see 1n the case of expeniment 1, the
prediction error 1s extremely high (especially for Z;), though the error 1s not too high at
all the expernmental runs In experiment 2 the prediction improves except for a few
outlying conditions (e g, runs 2, 11 and 12) This was expected because the range of
parameter workspace considered here for all the three mput factors was smaller than
that of experiment 1 In the experiment 3 the range of parameter workspace for RF
power and chamber pressure was further reduced while the gas flow vanation remained
the same as for experiment 2 We see that the prediction errors for both P; and Z; are
reasonably small 1n this case (smaller than £4%) except at expenimental run 3 where

the error in P; reaches ~ -12%

We can conclude from the above discussion that the prediction error would be
mimimum where the operating workspace of the input factors considered for the
experiments 1s smallest However, the actual parameter workspace vanes little n
practical operations Therefore, for experimental purposes, we considered small ranges
of operation for modelling the -V parameters in experiment 4 (see table 4 5) which now
includes half of a 100mm diameter Si1 wafer inside the plasma chamber It 1s clear from
figure 4 6 that the prediction errors in the P; parameter do not exceed +2%, though the
error in the Z; parameter became higher than that of experiment 3 This could be due to
the presence of S1 inside the chamber changing the plasma constituents and hence the
impedance charactenstics of plasma Again we saw that P; was less affected then Z;
while we introduced half of a 100mm diameter S1 wafer inside the chamber This may
be due to the fact that the real part of the plasma impedance, which directly contributes
to the discharged real power, does not vary significantly with the introduction of the S1
wafer mside the chamber whereas the reactive part of the plasma impedance changes by

a significant amount and thus also the Z, parameter
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4 9 Modelling of Phase as the End Point Detector

In Chapter 3 we found that the fundamental component of phase (¢;) behaves as
the best parameter for end point detection when a S10; layer on a S1 sample undergoes
SFs RIE operation It would be useful to study the viability of the use of ¢; for end point
detection and prediction For the experiments outlined 1n this study we need to predict
the value of ¢, when a bare S1 wafer 1s in the SF¢ RIE chamber The reason for this 1s
that, at the end point, the S1 underneath the S10, layer would start to be etched away and
the plasma condition would be same as when a bare S1 wafer 1s etched Focusing on this
fact we modelled ¢; for the experimental condition 4 shown 1n Table 4 5 as 1t provides a
low vanation of parameter workspace for the mput factors In fact, if we look back to
Chapter 3 we would see that the design matrix (shown by Table 3 1) of the experimental
run for the end point detection experiments was the same as the design matrnix given by
figure 4 2 designed for the expenmental condition 4 in Table 4 5 The polynomal
equation for ¢ as a function of RF power, chamber pressure and gas flow rate 1s given

below

¢ =24 00-7 51A+14 79B+2 05C+5 75A%+6 85B*+7 47C*
+5 50AB-1 57AC-3 32BC (49)
where, A, B and C represent the coded values of RF power, chamber pressure and gas

flow rate, respectively, given by eqn (4 2) Here A, B and C are unit less

At each of the end point experiments described in Chapter 3 (section 3 6) there
was a fimte shift of ¢, (Zone III) from one steady-state value (Zone II) to another (Zone
IV) which was a definite measure of the end point Since our main aim was to detect
this shift of ¢ value, we estimated the predicted shift of ¢, at each of the experimental

conditions given by figure 4 2 (also see Table 3 1) as
A¢lpred = ¢1fpred - ¢Il (4 10)
where, ¢, and @ preq represent the actual value of ¢ before the shift and the predicted

value of ¢ after the shift (given by eqn 49), respectively We also determined the

actual shift of ¢, values during the experiments as

AP ger = ¢1fact - @i (4 11)
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where, @y q represents the actual value of ¢ after the shift In figure 4 7 the predicted
shift of ¢ value (@ir pred) 1s compared with the actual shift (@ o) at different

experimental runs given by Table 3 1 and figure 4 2

35 ,
r i
_ & Actual shift (Ady ger)
a0 ._ ] O Predicted shift (A¢; pred)
[ | o
t ‘ J ¢ ®
25 -
R D M ;
- T ¢
= 20 r ! T
< |
S [
=) ! ! i
g 15| . . * I g
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«w [ ! i ]
10F * o i
[ ; | ®
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o
[ ! i
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1 2 3 4 5] 5] 7 8 g 18 11 12 13

Experimental Run

Figure 4 7 Comparison between the predicted and the actual shifts of ¢; (A pred
and A¢y 4, TEspectively) at different experimental runs

It 1s evident from the figure 4 7 that the predicted shift of ¢ 1s always close to
the actual shift and the difference between these two values is always smaller than the
actual shift That means that the end point can be predicted from the modelled equation
and detected using the PIM while a S10; layer on a S1 sample undergoes SF¢ RIE and
the end point 1s reached, and 1f the operating RF power, chamber pressure and the gas

flow rate 1s known
4 10 Comments on Modelling
As the modelled equations include only the main effects (A, B and C), their

uadratic factors (A%, B? and C?) and the two-way 1nteractions (AB, BC and AC) the
q
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predicted values of any response parameter determined by the modelled equation should
and do contain some errors In order to obtain a set of equations which give errorless
predictions of the response parameters we need to carry out the experiment at all
possible values of the input factors and must consider all the higher order effects and
interactions during the modelling However, 1t 1s possible to have an infinite number of
combinations of the input factors and 1t 1s not realistic to carry out the experiment at
each possible expenimental condition It 1s also unrealistic to consider all the higher
order terms and the interactions in modelling the equations as they also may be of
infinite number However, 1f the operating space of the input factors taken into
consideration 1s small, then 1t 1s possible to obtain a model with acceptable prediction
error limits by carrying out a hmited number of experniments specified by the
experimental design When the operating space 1s smaller the data points considered for
the experiments are much closer to each other and as a result more expenments are
performed for a given range of input factors, thus yielding a better prediction of the

response parameters than for the larger input factors workspace

4 11 Conclusion

In practice where a small vanation n input factors (RF power, chamber pressure
and gas flow rate) 1s allowed, 1t 1s possible to predict the value of monitoring parameters
with reasonable precision from the modelled polynomial equations It has been shown
in this study that while the S1-S10; interface 1s reached during an SF¢ RIE of a S1 wafer
covered with a S10; layer, the predicted shift of ¢; (Ag preq) 1s always close to the actual

shift (A@; ,.,) Therefore, using the modelled equation for ¢, 1t 1s possible to detect the

end point of the RIE of S10; lying on a S1 substrate using the PIM, when the operating
input factors are known In general, we can conclude that using the PIM and the
modelled equation for the momtoring parameter it may be possible to detect the end
point when a matenal lying on a dissimilar substrate undergoes RIE For this end point
detection process to work the monitoring parameter should be chosen such that the

value of this parameter changes significantly when the end point 1s reached

The prediction error in the momtoring parameters determined using the modelied

equations could be mimmized using a smaller input factor workspace A better
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prediction could also be obtained using more sophisticated modelling which allows for a
greater number of nput factor interactions and more experimental runs For more than
3-4 mput factors different methods of modelling (e g, central composite design [4])
could be used rather than the Box-Behnken method for a more accurate prediction of the

monitoring parameters
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CHAPTER 5

PLASMA MODELLING FOR NON-
SINUSOIDAL RF CURRENT

51 Introduction

As we discussed 1n the introductory chapter, the RF current source of a plasma
processing system always contains some harmonics of the driving frequency These
harmonics anse from nonlinearities 1n the plasma sheath [30] and asymmetries 1n the
geometry of the plasma chamber {33] The harmonics occur at integer multiples of
13 56 MHz, the fundamental frequency In this chapter we present an analytical solution
for a high voltage, collisionless, capacitive RF sheath dniven by a non-sinusoidal RF
current source under the assumption that the source current contains a finite number of
harmonic components whose frequency 1s an integer multiple of the fundamental
frequency We obtain expressions for the time-average ion and electron densities,
electrical field and electric potential within the sheath, nonlinear oscillation motion of
the electron sheath boundary, 1on sheath thickness and the effective sheath impedance
The calculated values of the above parameters were compared with those of the
Lieberman model [30] Finally, we consider a non-symmetric, parallel plate, capacitive
discharge and include the bulk impedance to determine the overall plasma impedance
for each of the harmonic frequencies We also calculate the overall RF voltage for all
the harmonic frequencies An analysis for symmetrical operation 1s also obtainable from
this model when both electrodes are considered of equal area The calculated

impedances and the RF voltages were compared with values measured 1n experniments

5 2 Limitations of Lieberman Model

In the Lieberman model an analytical solution was obtained for the collisionless
RF sheath driven by a sinusoidal, RF current source The harmonic contents present in

the driving current were 1gnored in this model Thus the effect of harmonic currents on
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plasma parameters was not included in his model which could produce errors in the

calculation of plasma parameters using this model

The Lieberman model was based on a symmetrically drniven, parallel plate RF
discharge The effect of asymmetrical sizes of the two plates was not considered 1n this
model That means this model cannot be applied to all plasma systems other than a

particular type having both electrodes of equal area

In reality most plasma systems utilize electrodes of unequal area and the source
current contains a number of harmonic components To have a more appropnate and
general model one must consider an unequal-plate-area system which will include the

effect of all the current harmonics

In the following section we present a generalized model considering a capacitively
coupled parallel plate plasma system having unequal-area electrode plates driven by a

non-sinusoidal RF current source
5 3 Modelling of RF Plasma
5 3 1 Analysis of plasma sheath

In general, the discharge parameters, e g, electron density 7., 10n density #, and
electron temperature 7, are complicated functions of position and time Therefore, we

made the following assumptions to simplify the analysis

(a) The 10n motion within the sheath 1s collisionless The ions respond only to the time-
average electric field This 1s a good approximation provided a)f,, << »?, wherew P
and o are the i1on plasma frequency and the fundamental driving frequency,

respectively The 1on sheath-plasma boundary is stationary, and 1ons enter the sheath
with a Bohm presheath velocity up = \JeT, /M , where e 1s the 10n charge, T, 1s the

electron temperature (1in Volts), and M 1s the 1on mass [29,30,160]
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(b) The electrons are 1nertialess and respond to the instantaneous electnic field The
electron Debye length, Ap, everywhere within the sheath 1s assumed to be much
smaller than the 1on sheath thickness s,, Since Ap<< s,, the electron density falls
sharply from 7. =~ #n, at the plasma side of the electron sheath boundary to 7. = 0 at
the electrode side The electron sheath oscillates between a maximum thickness of

sm and a mmmimum thickness of a few Debye lengths from the electrode surface

(c) There 1s no transverse vanation (along the plates) The plasma and the current

density are uniform throughout the cross-section at any particular distance from

either of the two plates This is a good approximation provided / << N , Where /
and A are the separation between the two electrode plates and the cross-sectional

area of the plate, respectively

(d) The plasma source current 1s non-sinusoidal but 1t can be resolved into a finite
number of harmonic components whose frequencies are integer multiples of the
dnving frequency This 1s a good approximation when the current 1s periodic n
nature 1n time space and the magnitude of harmonic components at very high

freqencies are very small compared to the fundamental and can be neglected

The structure of the RF sheath 1s shown in Fig 51 Ions crossing the 1on sheath
boundary at x = 0 accelerate within the sheath and strike the electrode at x = s,, with
high energies Since the 1on flux », u, 1s conserved and u, increases as 1ons transit the

sheath, »n, drops Thus 1s sketched as the heavy, sohd hine in Fig 5 1

)

Electrode

0 s(1) Sm

Figure 5 1 Structure of the high voltage, capacitive RF sheath
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The 10n particle and energy conservation equations are respectively
nu, = nyug G

%Mu,z =%Mu123—65 (52)

where ng 1s the plasma density at x = 0 and @ 15 the time-average potential within the

sheath, @ , n, and u, are functions of x From (5 1) and (5 2) we have

1
20 2
=ng|1-=— 53
n, nO( Te ) ( )
The Maxwell equation for the instantaneous electric field E(x,z) within the sheath 1s
E_Ln, s<x
Oox g,
=0, s(t)>x 54

Here, s(t) 1s the distance from the ion sheath boundary at x = 0 to the electron sheath
edge, the electron sheath thickness is s, - s(#) The instantaneous potential @(x,t) 1s

determined from the equation

9P _ _gix) (5 5)
ox

Time-averaging (5 4) and (5 5) over an RF cycle, we obtain the equations for the time-

average electric field E(x)and potential @( x )

R URAC) 56
>
S=-E (57

where n, 15 the time-average electron density within the sheath We assume that
n,(x,2) =0 dunng the part of the RF cycle when s(2) < x, otherwise, n,(x,t)=n,(x)

We therefore have
ﬁe(X)=(1—2—¢jn.(x)=(1—£Jn,(x) (58
2r T

where, 2¢(x) = 2ax 1s the phase interval during which s(t) <x n,(x) 1s shown as a

dashed line in Fig 5 1 For x near zero, s(¢) < x during only a small part of the RF cycle,

therefore, 2¢ =0 and 7,(x) = n (x) For x near s,, s(t )< x during most of the RF cycle,

therefore, 2¢ ~2m and 7n,(x) 0 To determine the time averages quantitatively, we
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assume that the non-sinusoidal RF current consists of several sinusoidal harmonic
components which flow along the x-axis through the sheath and can be written as [161]
N —
Jre(t)==2.T , sin(par) (59)
p=1

where,J (t)=-J p sm( p a)t) , the p-th harmonic component of RF current density

Equating this displacement current to the conduction current at the electron sheath

boundary, we obtain the equation for the electron sheath motion

N
—en,(s)j—j——-—ij szn(pa)t) (5 10)
p=1

Integrating (5 4) we obtain

E=§an,(§)d§, s(t) <x
=0, st) > x (5 11)
Integrating (5 10) we have
£ E"' (& )dé = i d [1 - cos(parx)] (512)
£ ol POEY

Putting s = x at a¥ = @ 1n (5 12) we have

e N jp
— [ n(&)dc =3, [t - cos(pp)] (513)
30 p=l pwgo
Substracting (5 12) from (5 13) we obtain
¢ N T,
— [ m(&)dg = Y —2—[cos(par)- cos( pp)] (514)
6'0 S p=l pa)go

Inserting (5 14) into (5 11) we obtain

N T
E(x,ot)= Z . [cos(pa)t)— cos(p¢)], s(t) <x
p=l pPEy
=0, s(t) >x (5195)

We note that s(t) = x at ¥ = ¢ and s(?) < x when - ¢ < a¥ < ¢ Taking the time-average
we obtain from (5 15)

E(x)= -2—1; jf; E(x,t) dat (5 16)
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Inserting (5 15) mto (5 16) we have

_ N
E(x)=Y —2 [lsm(p(p)—(pcos(p(p)} (517)
Sipwser| p
Using (5 7),
o = & J, 1 B
o c E(x)= ;pwgoﬂ{psm(p(p) ¢>cos(p¢)] (518)

Inserting (5 3) into (5 10) with s(?) = x, ax = @, we obtain

dg _ eamy(1-28 /T,) 2

dx N _
ZJp sin(pe)
p=1

(5 19)

Dividing (5 18) by (5 19) and integrating,

.. 1 NNT I, 2p+
N-20/T, =1-———— |} % ”p"{ | =sin(p+q)p

ew*T,c0mg | g2l gmi 2p(p+q)
qzp
2p—q 1
——2—sm(p—q)go——2—-—(ocos(p+q)(0+——¢COS(P—CI)(P
2p(p—-q) (p+q) 2(p-q)
YoXT 3 0 @
+y >-L£ —Z—Sln(2p¢)—4—-cos(2pgo)—— (5 20)
q=p

>

~ 1 N N N ,
ewnyx = prSln(P(P)d(P‘T__ > 22
1

P

2p+ 2p - 1
f{—p——q—zsm(p +q)¢——’ii2—sm(p ~q)¢-————¢cos(p+q)p
2p(p+q) 2p(p-q) 2p+q)

M=

-

AR
&

N N
pcos(p- q)w}sm( ro)do+y Y {8’%5"1( 2pp)
s

+._—
2p-q)

- icos(2p¢) - ﬁ} sm(r(o)dgo}
4p 2p
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Or, eonyx = Z—p{l—cos(pq))}
p=l P

P4

FF7 | (521)

where,

Flpqrz 2p+q 2{ ! sm(p+q—r)(o——l——sm(P"'CI"‘r)(o}
dp(p+q)- (P+g-r ptqg+r

2p— 1
__2p-4q 2{ sm(p_q_r)(p__l_sm(puq+r)¢}+;
dp(p—q)° \p—q~—r p—q+tr 4p+q)
4 1 4
cos(p+q+r)p— ssm(p+q+r)p— cos(p+q—r)p
prg+r (p+qg+r) ptq-r

_ YN G ¢ _
+(p+q_r)zsm(p+q r)qo} 4(p_q){(p_q+r)cosm g+r)p

- 2Sln(p—q+r)¢——LCOS(p—q—r)¢
(p—q+r) p—-q-r

1
+————sm(p—-q-r)
(p~q-r) ' ¢}

, when p+q-r#0, p-g+r#0and p-g-r+0 (5 21a)

2p+q { 1 2p—gq 1 1

| QA L — <L S go——sm(2r¢)}—— —sin(2qp)——sin(2

l qQ sm(2pep)
4p(p+q)* U 2r 4p(p-q)* |2 2p

1 @ 1 1 1) 1
+— —cos(2r(o)——sm(2r¢)}——— —cos(2pp)———=sin(2pp)
4(p+q){2r 4r? 4p-q)|2p 4p*

1
+—%cos(2q¢)—ﬁszn(2q¢)} , when p+g—r=0 (5 21b)
q

EPIr - 2P+q {

. ; Lsm(zpw)—ism(zqcp)}—2”—“’{lsm(zrqp)—fp}
4p(p+q) 2q

2p dp(p-q)* (2r
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1

——~—{ cos(2 qco)—-‘—sm(zqw)—-cos(2p¢)+Lsm(2p¢)}
4p+qg)|2 4q° 2p 4p®

——1—{—cos(2rq)) —Lszn(Zr(p)} , when p-g+r=20 (521c)
Hp-q)2r 4r?

F]Pq’ _M_{—sm(qu)) —-l—sm(2p(0)} —2p—_q~2—{(0 —_l-sm(Zr(p)}
4p(p+q)* 2p 4p(p-q) 2r

;{i os(zpco)—#sm(zpw——cos(zqco)+4Lsm(2q¢)}

4p+q) 2 4p? 2q q
1 1
P —cos(2rgo)———sm(2r(p) ,when p-g-r=90 (5 214d)
C4p-q) |2 4r?
and,
EPY 3 2 1 1 4
S = 5 sm(2p—r)p— sim2p+r)pr+— cos(2p+r)p
16p° (2p-r 2p+r 8p |12p+r
Q 1
————2sm(2p+r)q0—~———cos(2p—r)qo+———2—szn(2p—r)(o
(2p+r) (2p-r) (2p-r)
1 | 1
+—<—cos(r@)——sin(rp) , when 2p-r#0 (521e)
2p ¥ r2
Fpor = 4 4pp)-——sin(2pp) + 2= cos(2 30
= ySn(4pp) + ——-cos(4pp) ——=sin(2pp) + ——cos(2py )+ —
28p 32p 8p 4p 16p
, when 2p-r=0 (5 219

Putting x =s(z) and ¢ = ¢ mn (5 21), we obtain the nonlinear motion of the electron
sheath Again using (5 21) and putting x =s,, at ¢ = 7 we obtain the 1on sheath thickness

Sm

From (5 3) and (5 20) we have,

s sim(p+q)p

N NJJ 2
n, =no|1- 1 P q[ p+yq

e’ T,eomy oo g3 P \2P(P+4)

q*p
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1 1
ssin(p—q)p—————pcos(p+q)p+_———pcos(p-q)p

2p(p—q 2Ap+q) 2Ap-q)
-1
N N J:( 3 . o
+ Z Z—p— —smn(2pp)———cos(2pp)-—— (5 22)
p=l g=1 P 8p 4p 2p
q=p
dE p
Dafferentiating (5 17), using (5 3) and (5 19) and equating o =-— we obtan the net
€0
charge density,
g p= @ ,€ (5 23)
i1

Now from (5 8), the time-average electron density,

7, = (1 -2)71, (5 24)
/4
From (5 20), the time-average potential,
& 1 1 1 N NI T, 2p+
a1 Y { PEE_n(ptg)o
T, 2 2| ew'Tegmy |pmigm P \2p(P+q)
g&p
2p—-q 1 1
—————sm(p-q)p—————¢cos(p+q)p+————pcos(p—q)p
2p(p-q)° 2p+q) 2Ap-q)
2
YNNI 3 ¢ 0
+> YLl —sin(2pp)-—cos(2pp)-— (5 25)
p=) g=1 P 8p 4P 2P
q=p

and from (525), using ¥ =~@(p =7) the net dc voltage across the sheath can be

given by
7o 1 N YT T, (1
TEm o I z z cos(p+q)m
T, 2 2 2e Tyeqny |pm1 g1 P \(P+q)

q#p

2
1 3N N T2
~ cos(p—q);zJ+—Z > £ (5 26)
(P-q) 2.040P
9=p
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Now, the instantaneous electric field 1s given by (5 15) Integrating the electric
field with respect to x, we obtain the instantaneous voltage ¥(#) from the plasma to the

electrode across the sheath as

J
d [cos(pa)t)— cos(pqo)]ﬂdqp (527)
pwe, do

N
V(t)= f"’E(x,t)dx=sz
p=1

Using (5 19) and (5 20) and 1nserting 1nto (5 27) we obtain the equation for the

instantaneous sheath voltage V(1) , for 0 < a¢ < 7, as

s NNJ T 1
eaw’eqneV(t)= [ 3" L {cos( par) - cos( po)}sin(qp)dp -—
p=lg=1 P ea Te£07m0

NNJ JJJ 2p+ 2p—
>y 247t s{ 29 sn(p+q)o-—"L"2 _sn(p-q)p
rls=1  PS 2p(p+q) 2p(p-q)

M=

[

p=1

—

1
p

0
Ll

_ 2(p1+ q—) pcos(p+q)p+ _2(p1_ q—) @cos(p~ Q)(D}{cos(sa)t) —cos(s@)}sin(ro)

N N NN 27T [ 3
+Z z ZZ P T S{—Z sm(quo)—icos(Zp(p)_ﬁ}

p=l g=1 r=ls=l Ds 8P 4p 2p

9=p
{cos(sa)t) - cos(sqo)}sm(r(p) do

Or,

) N N jqu - 1 N N NN jqujrjs
e ggnV ()= o et D YD Y ) P S e A

p=lg=l P e T,eqmng| poi r=ls=t  PS

1

cos(swt)([fqr —Iqur )—m

2 _
{___p+q 5 cos(sa)t)(lzpqr_]qu)_ 2p-q -
4p(p+q) 4p(p-q)

cos(sa)t)(lé’qr —I-fqr)+—cos(sa)t)(]8pqr —Ié’qr)——~m—q2
4p-q) 8p(p+q)
(Ipqrs | [ Pars _ [ pars _ ppqrs )+ 2p-g ([pqrs L JPars _ [ pars Ipqu)
10 11 12 13 > 14 15 16 ~ 117
8p(p—q)

1

R 1
8(p+q)

(Ilpgqrs +I|;;qrs _Izp(;]rs _Ipqrs )_
8p-q)

pars | ;pars _ ;pars _ 1 pqrs
21 (122 +1yy T =1y -1 )}
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1 1 3
~—cos(sart )I5y +—\IJ} + 133 -—(1”” + 1P P —1”")
2 4p( ) 32,7 3 T T s Tl

1 T T
+1—6;(13”7”+13”srs-13”95—ffos)ﬂ (5 28)

where,

1P = cos(pa)t)é{cos(q(ot) —cos(qﬂ)}———l—{cos(p +q)at —cos(p +q)r}

2p+q)
+ {cos(p —g)ot —cos(p - q)n}, P#q
2Ap-9)
1
= cos(pwt)— {cos(qmt) - cos(qn)}~ ! {cos( p+q)ot—cos(p+ q)n} ,
q 2(p+q)
P=q (528)
P — 1
2 =T sin(p+q—rot, ptq-r #0
prq-—r
=r-wt, ptgr=20 (5 28u)
par _ 1
177 =—————sin(p+q+r)ot (5 28um1)
p+qg+r
If"’z——l—sm(p—q—r)a)t, p-q-r =0
p—q-vr
=r—-ot, p-qgr=20 (5 281v)
JPI — 1
s =————sin(p—gq+r)ot, p-g+r #0
p—q+r
=r-at, p-qg+r=20 (5 28v)
. wt
109 =— 2  cos(p+q+r)ot——7>D— cos(p+q+r)m
prqg+r pHqg+r
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sin(p+q+r)ot

(p+q+r)’
]fqr:Lcos(p+q—r)a)t—
p+q-r p+q-r
- sin(p+q—-r)ot,
(p+q-r)°
=0,
Ié’qr=—a)t cos(p—q+r)ot -
p-q+r p-q+
- sm(p—q+r)ot,
(p-g+r)
r t
15 =—(£——cos(p—q—r)a)t—
p—q-r pP—-q
- sm(p—q-r)wt,
(p-q-r)°
=0,
1
I =——————sin(p+q-r+s)ot,
p+q-—r+s
=r—ot,
1
I s ———sin(p+q-r-s)ar,
p+q—r—s
=r-owt,
1
I = sin(p+q+r+s)ot
pHq+r+s
1
I e ——sin(p+q+r-s)ur,
p+qg+r—s
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——”—cos(p+q—r)7r

ptqr =0

ptg-r=20

-——”—cos(p—q+r)ﬂ
,

p-q+r #0

pq+r=290

—”—cos(p—q—r)zr
-r

p-q-r #0

p-q-r=20

ptq-rts =0

ptq-r+ts =0

ptq-r-s #0

ptq-r-s =0

ptqtr-s #0

(5 28v1)

(5 28vu)

(5 28vin)

(5 281x)

(5 28x)

(5 28x1)

(5 28xm)



sroal, prqtrs=0 (5 28xu1)

17 =—;S1n(p—q—r+s)a)t, p-q-r+s 0
p—-q-r+s
—r-ot, p-grts=0 (5 28x1v)
I L n(p-g-r-sia, p-g-r-s #0
p—q-r-s
sE-al, p-qrs=0 (5 28xv)
11P6qrs =_—1__sm(p—q+r+s)a)t, p-g+r+s #0
p—q+r+s
STt p-qtrts =0 (5 28xv1)
1
7" =——————sin(p-q+r-s)ar, p-qtr-s 0
p—qg+r—s
—Eoek p-qtrs=0 (5 28xvn)
15 =—.ait~_cos(p+q+r+s)a)t—_”—.cos(p+q+r+S)ﬂ
ptqtr+s p+qg+r+s
1
- Fsn(p+q+r+sjot (5 28xvin)
(p+q+r+s)
7RIS Xt r
jog =—————cos(p+q+r—s)ot—————cos(p+q+r-s)m
B len(p+q+r—s)a)t, prqtr-s #0
(p+q+r-s)
=0, prqtr-s =0 (5 28x1x)
[zp(;]rx3—”—?)'t—*_COS(p+q_r+S)wt_Lcos(p'f‘q—rﬁ-s)][
ptg-r+s p+q-r+s
1
a S p+g-r+sjor, prq-rts #0
(p+tq-r+s)
=0, ptgrts=0 (5 28xx)
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Izplqrs :_.__a.)t;.._cos(p*}-q—r—s)a)t—;cos(p_i_q_r_s)ﬂ_
p+qg-r-s ptg—r—s
1
~( )2 sm(p+q—r—s)ot, ptq-r-s =0
p+tq-r—s
=0, ptrq-r-s =10
152‘]” =_‘_‘_"“COS(P‘Q+’+S)011——”—cos(p—q+r+s)7r
p—q+r+s p—q+r+s
1
_( e sin(p—q+r+sjot, p-qtr+s #0
p—q+r+s
=0’ p-q+r+s =0
12p3‘irs :_ﬁ_cos(p—q+r—s)a)t—._”—cos(p_q+r_s)ﬂ
p—qtr=s p—q+r—s
1
_( " ’Fsm(p—q+r—sﬂw, p-q+r-s #0
p—q+r-s
=9, p-qtr-s =0
f
Izlz:lrs :—w_cos(p—q—r+s)a)t—_ﬁ___”_cos(p_q_r+s)”
p-q-r+s p—q-r+s
—( rs)? sin(p—q—r+s)at, p-q-r+s #0
p—q-r=s
=0, p-qg-rts =0
ij5qrs :—wt_cos(p—q—r—s)wz—;ws(p_q_r_s)”
p-q=r=s p—q—r—s
1
_( e sm(p—q—r—s)or, p-q-r-s %0
pP—q-r-—s
=0, p-q-r-s =0
18 === sm(2p-rax, oy
=r—-wt, 2p~r=0
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(5 28xx1)

(5 28xxn)

(5 28xx111)

(5 28xx1v)

(5 28xxv)

(5 28xxv1)



1
157 =- sin(2p +rjwt
27 T (2p+r)

1% = ot cos(2p + 7)ot ——"—cos(2p + r )z - = sm(2p +r)ot
2pr Zp+r (2p+r)
r M 7
15 = 2p_rcos(2p—r)cot— zp_rcos(zp_r),,
——————sin(2p-r)ot, 2p-r 20
(2p—r)
=, pr=0

w! T 1
I3y =—cos(rot) ——=cos(rx ) —— sin(rat)
¥ r r

wt 7
Iy = cos(r +s )t - cos(r +5s)m—

r+s r+s (r+s)
ot p
Iari = cos(r — s )t — cos(r—s ) —
r—=s r—Ss (r—s)2
=9,

3 2p—r+s (2p )
=1-wt,

]Prs - _ Sin(2p—r—s o,

3 2p—r—s (2p /
=7-awt,

13per:* sin(2p+r+s)ot

2ptr+s
[3%’3= sm(2p+r—s)ot,

_2p+r—s
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S sin(r+ s Jot

sin(r—s)ot r-s #0

r-s =10

2p-r+s =0

2p-r+s =0

2p-r-s #0

2p-r-s=10

2p+r-s =0

(5 28xxv11)

(5 28xxvu)

(5 28xx1x)

(5 28xxx)

(5 28xxx1)

(5 28xxxu)

(5 28xxxm1)

(5 28xxx1v)

(5 28xxxv)



=r-wt, 2ptr-s =0 (5 28xxxv1)

177 =2p+r+scos(2p+r+s)a)t—2p+r+scos(2p+r+s)7r
————————sn(2p+r+s)ot (5 28xxxvn)
(2p+r+s)
7P _
38 = cos(2p+r—s)wt— cos(2p+r—s)m
2p+r-s 2p+r-s
———-—25m(2p+r—s)a)t, 2p+r-s #0
(2p+r-s)
=0, 2ptr-s =0 (5 28xxxvi)
7P wt
390 =T————cos(2p—r+s)wt— cos(2p—r+s)m
2p-r+s 2p-r+s
-————sin(2p—r+s)ot, 2p-rts #0
(2p-r+s)*
={, 2p-r+s =0 (5 28xxx1x)
Ifors = 2p_r_scos(2p—r—s)a)t—2p_r_scos(2p~r'—s)7r
——sin(2p—r-s)ut, 2p-r-s #0
(2p—r—s)2
=0, 2p-r-s =0 (5 28x1)

531 1 Sheath capacitance

V(t) .n Eqn (5 28) 1s an even, periodic function of ax with period 2n For - 7< ax
< 0, we find that ¥(?) 1s given by Eqn (5 28) with a¢ at the right hand side of the

equation replaced by -a¥ Expanding ¥{(#) in a Fourier series we have,

V(t)=Vy+ i?k cos(kat ) (529)
k=1
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where, Vo = 1 j;' Viat)dat (5 291)
w

v, =% f)' Viot)cos(kat)dwt (=123, )  (529n)

It 1s evident from Eqn (5 28) that 1t 1s almost impossible to perform manually the
analytical Founer transforms given by Eqn (5 29) But using a personal computer 1t 1s
very easy to perform these calculations numerncally using any routine programming

language, such as FORTRAN, Pascal, C etc

Defining the effective capacitance per unit area using the relation,
- .7k sin(kat ) = C, %[Vk cos(ka)t)] (5 30)

we obtain the sheath capacitance ( in Farad/m?) for k-th harmonic frequency,

_ Jk
kaV,

Cs (531)

531 2 Sheath conductance

The RF conductance of the sheath 1s due to stochastic heating of the electrons by
the oscillating sheath An electron that 1s reflected from a moving sheath expeniences a
change of energy If the sheath moves toward the electron, then the energy increases, 1f
the sheath moves away, then the energy decreases For an oscillating sheath, some
electrons gain energy and others lose energy However, avaraging over an oscillation

period, the net effect 1s an energy gam, corresponding to a dissipation of heat in the
sheath [12, 30, 162-164]

Electrons reflecting from the large decelerating fields of a moving high-voltage
sheath can be approximated by assuming that the reflected velocity 1s that which occurs

1n an elastic collision of a ball with a moving wall

u, =—u+2ug (5 32)
where u and u, are the incident and reflected electron velocities parallel to the time-
varying electron sheath velocity u; For a umiform density model we let f(u,f) be the

electron velocity distribution at s, normalized as
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[° 7 Gndu=n,(s(0) = ny(t) (5 33)

In a time mterval d¢ and for a speed interval du, the number of electrons per unit area

that collide with the sheath 1s given by (u—u,)f,(u,t)dudt This results in a power

transfer per unit area,
1 (2
dPy,. =5m(u, —uZXu—us)fs(u,t)du (5 34)
Using u, = —u + 2u, and mntegrating over all incident velocities, we obtain

Pyoc = —2m J:Uus (u — U )zfs (u,t)du (535)

To determine f;, we first note that the sheath ts oscillating because the electrons n
the bulk plasma are oscillating m response to a time-varying electric field If the
velocity distribution function within the plasma at the 1on sheath edge x = 0 n the
absence of the electric field 1s a Maxwellian f,(4) having density ny, then the
distribution within the plasma at the sheath edge 1s fo(u, £)=fm(u-ug), Where uy(z) 1s the
time-varying oscillation velocity of the plasma electrons [30] At the moving electron
sheath edge, because n, < ng, not all electrons having u > 0 at x = 0 collide with the
sheath at s Many electrons are reflected within the region 0 < x < s where the 10n
density drops from ny to n; This reflection 1s produced by a weak electric field whose
value maintains . ~ n, at all times The transformation of fj across this region to obtain
/s 1s complicated However, the essential features to determine the stochastic heating are

seen 1f we approximate [30]
A =:—Sfm(u—u0), u>0 (5 36)
0
Inserting (5 36) into (5 35) and transforming to a new vanable u'=u —u,, we obtain
Pioe (1) = —% E—“o Un, [u'2—2u'(us —ug)+(us — ”0)2 (' )du' (537)

From Eqn (5 10) we have

N
ngg = ng Zﬁp sm( pp) = nyly (5 38)
p=l
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From Eqns (5 19) and (5 20) we obtain,

2p+

1
pcos(p+q)p+————@cos(p- q)w}

2P wip-g)pe—
m(pmale 2p+q) 2Ap-9)

N
sz si{ pp) (5 39)

2
p=l

N NT2( 5
p @ 4
+ ——S——=sin(2pp)———cos(2pp)——
2 2 {8[) ip 27

1 J p_q{ 2p+q 2p—q
engu, = englg ———————— Z Z sm(p+q)p-———
’ P 2p(p+q)? 2p(p—q)*°

1 1
sin( p —q)w—mcocos(p +q)p +m¢cos(p - q)cO}

LY Jp[s 0 o ||57
£y 27 ” sn(2pp) = cos(2pp) = ZlJpsm(pco)

JJ . [ 2
— { P29 feos(p+q-r)o
P 4p(p+q)

2P Aeos(p-g-r)p—cos(p—q-+))

—cos(p+q+r)(o}—4p(p_q)

1
qp{sm(p+q+r)¢7—sm(p+q—r)(p}+———¢7{sm(17—q+")60
4p-q)

“4p+q)

N N NJIJ ([ 3
_sm(p—q—r)(o}}+z z Z p {16 2{cos(Zp—r)w—cos(2p+r)(p}
r=l P
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-i{szn(2p+r)go—szn(2p—r)go}—ﬂsm(rgo)H =F(p) (5 40)
8p 2p

F( @) must be an odd function of ¢ which 1s valid for 0 < ¢ < 7 For -7< ¢ <0 we will

use — F(¢@) mstead of F(¢) We find from Eqns (5 37) and (5 38) that the average

stochastic power for a single sheath 1s

2m 12 ' 2 ' '
Proe == [ [0 b2, g )+ (s =0 P o o )t

N
_ m 12 ’ '
=-— f,, Zlup sin( pp)de J(:(Wu Sm(u' )du
p=

N
Lo Xy, sin( pp)dp [ f(u )i
p:

N

L FH0) Y upsm(pp)dp [ ' Jau

F(e)

~B+B+P (54D

Since F(¢) 1s an odd function, the P, and 153 integrands integrate to zero, with the }_’2
integral yielding

Prpe =Py =21 [ ¢ )iu sn(pp)dp [ ' fr(' Jdu' (5 42)
stoc =F2 =77 4 4 = P ppjap Fep)" Im
For a Maxwellian distribution we have the incident flux [62,66],

1
I = Eu'fm(u')du’ = ote (543)

1
8eT,

m

2
where, the mean electron speed u, =( J If the assumption 1s made that the

sheath motion 1s much slower than the electron thermal velocity, we can take the lower

limit of the #' mntegral in Eqn (5 42) to be zero So from Eqn (5 43) we obtain

' ! ’ ’ ’ ! 1
J':((p)u Sm(u')du' = Eou Jm(W' )du =;n0ue =1 (544)
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Since F(@)} 1s an odd function, mnserting Eqn (544) mto Eqn (5 42) and putting

_ Iy
u,=——-we obtamn
eno

_ 4m N _
Paoe = 705 [ F(9) 2T p sl pe)dg (5 43)
p=I

Inserting Eqns (5 40) into Eqn (5 45) and performing the integration we obtain

N N NN7. 71777
P dml Z Z ZZJP q szJ 2pt+q
stoe S0’ T eon’nl P 18 2
e€07 Ny | p=1 q=1 r=Is=1 p(p+q)
q#p
e )
toc st toc stoc P—q t t stoc t
(115 — % -1+ )_Sp(p—q)2 [0 —Ig7¢ —157°C + 15"
1 ( stoc stoc stoc stoc) 1 ( Stoc stoc stoc stoc)
% ptq) Ly —hy —{0 i Yr-a) Ii3" — Ly —Ijs +1g
N N NNJF2TT ([ 3
pvres stoc toc stoc stoc
) 22 2(117 —Ig " — 119 + 1 )
p:l q:] r=1s=1 p 32p
g=p
1 1
o e - g e e e )H (5 46)
where,
Ijtee =——1¥{1—cos(p+q—r+s)7z}, ptg-r+s =0
p+qg-r+s
)
=0, ptq-r+s =0 (5 461)
13¢ :———1 {1—cos(p+q—r—s)7r}, ptq-r-s #0
ptqg—r-s
=0, ptq-rs=0 (5 461)
1
133‘“:—————p+q+r+s{1—cos(p+q+r+s)7r} (5 46m)

»
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stoc
1

155106

1;100

stoc
1 7

stoc

] Iy

I;fOC

stoc _
Iy

)

stoc .
1io

1

=—\l-cos(ptq+r—s)myg,
p+q+r_s{ (p+q+r-s)z}

=0,

{1—cos(p—q~r+s)7z},

=——————{1—cos(p—q—r—s)7z},
p-q-r-s

=——-———{l—cos(p—q+r+s)7r},
p—q+r+s

:—p_—q_;r—_:{l—cos(p—q+r—s)7r},

>

1
—_—( T )2{cos(p+q+r—s)7t~1},
ptq+r—s
_x
2 5

1
(p+q+r+s)2

{cos(p+q+r+s)7z'—l}

1
(p+q-r-s)

3 {cos(p+q—r—s)7£—l},
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2
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Eqn (5 46) gives the total power dissipated 1n the plasma sheath by the stochastic
heating mechamism It 1s evident from the equation that 1t 1s impossible to separate the
amount of heating corresponding to a particular harmonic component of the RF current
In our model we will consider only one harmonic component of RF current in operation
at a time to calculate the stochastic heating corresponding to that harmonic frequency
This 1s a good approximation, because, we will show 1n a later part of this chapter (see
section 5 7) that the difference between the total stochastic power determined by adding
all the stochastic power components using our modelled equation when only one RF

harmonic current 1s consdered, and that determined using the Eqn (5 46) 1s very small

Considering only the &-th harmonic component of RF current and using a subcript
km Eqn (5 9) we have

Ji(t)=~J sinlkat) (5 47)

Similarly, removing the Y. sign from Eqns (5 38), (5 40) and (5 45), and replacing p, g,

r and s by &, we have

ngug =nguy sin(kp) = nyu (5 48)
1 T} [ 3
U, —Uy =— — cos(ke)—cos(3kep)
s 0 2w T,eqmd k [16k? { Y }
~ 2 fsin(3kp) — sin(kp )}~ 2-sm(kp) | = Fi(p) (5 49)
8k 2k
—_ 4m -
Paoek =— =T [ Fi(p)Ty sn(kp)dy, (5 50)
0

where P, 1s the average stochastic power for a single sheath corresponding to the k-

th harmonic component of RF current Inserting Eqn (549) in Eqn (550) and

performing the integration we have
— 3mJ ,?
tock —
o 8k2e3a)2Te€0n3

T, (5 51)

where /= the incident electron flux on the sheath, 1s given by Eqn (5 43)

The sheath conductance per unit area 1s,
1
2P,

stoc k

Gy (552)
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Equating (5 51) and (5 52), we obtain

B 4k? e3w2Te£0n8
3],(2 mI,

N

G, (5 53)

3 3 2 Bulk Plasma Impedance

In the calculation of the bulk plasma impedance the followmg assumptions were

made

a) The plasma outside the two sheaths can be represented as a sohd cylinder of length
d, with a linearly varying cross-sectional radius from plate A to plate B (Figure 5 2)
[161]

b) The plasma density ny 1s mversly proportional to the cross sectional area of the
plasma This 1s a good approximation 1f we assume that the RF current 1s constant at
any distance from either of the plates, because, the current density becomes
mversely proportional to the cross-sectional area and the plasma density increases

almost linearly with the current density [72]

Plate B

Figure 5 2 The schematic diagram of the plasma
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The k-th harmonic impedance (Okhm) of a bulk plasma slab of thickness dx and
cross-sectional area A,, at a distance x from the 10n sheath edge of plate A can be

written as [62]

dzZ, = —L (5 54)
Tkt p A,
2
@
where, g, =go|1-— L5 555
o OI: kw(ka)—Jvm )jl ( :

In this case, the electron plasma frequency,
1
2 2
By = [e_"o_x) (5 56)
Eogm
and v,= electron-neutral collision frequency Here ny, 1s the plasma density at a
position x which 1s also equal to the electron density at that position From Fig 5 2,
A, = 7:sz = (R, + xtan 9)2 (557)

Ry - R _Ih—n
d l

and, tan@ = (558)

Here, 7, and r; are the radu of the plates A and B, respectively R, and R; are the radn of
the plasma cylinder at the two 10n sheath edges From Fig 5 2 we obtain
Ri=n+s,tanb (559
Ry =n+(l—s,,)tanl (5 60)
The relation between the effective bulk plasma length, 4 and the separation between the
two plates, / can be found as,
d=1-58, =Sy (5 61)
where, s,; and s,, are the 1on sheath thicknesses at plate A and B respectively

Assuming that the plasma density 1s inversely proportional to the cross sectional area of

the plasma cylinder we have

noy Ay = noy A, = npydy (562)
We have used subscripts 1, x and 2 for the positions at the 10n sheath edge of plate A, at
a distance x from the 10n sheath edge of plate A and at the 1on sheath edge of plate B,
respectively Inserting Eqns (5 56) and (5 62) in Eqn (5 55) we obtain

e? 4yny,

£ =€O 1-

o (5 63)

ka)f:om(ka) A )Ax
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Using Eqns (5 54) and (5 63) and integrating from x = 0 to x = d we have

Z, = f dx (5 64)

2Rin
k R oy - — 170
/ ngﬂl:( 1+ xtan0) ka)eom(ka)—jvm)}

Substituting z = R; + xtan @ we have from Eqn (5 64)

cotf
N jkwgoﬂj;: l 2_ -

cot@ ilo [(Rz—a)(R1+a)}

Jkoegr 2a | (R, +a)(R, —a)
_ [ iloge (Ry—a)(Ry+a) (5 65)
(ry —n )jkwegr 2a (Ry+a)(Ry—a)
Here,
a=ekR, "ol
koegm(ko — jv,,)
]
_ R Jé _ -1{ Vm
=eR, e’” ¢ =tan (—j
\/ka)‘somw/kza)2 +v2 ko
1
n E 2 2 -; .12
=eR ol (k ® +vm) e ?
kweym
1
ng )2 L
=eR ( ol } (k2w2 +v,‘3,) 4[cos(¢/2)+jszn(¢/2)]
k(of:om
| - Dy + D, (5 66)
where,
L 1
oy |%(,2,2, .2V
D, =eR, ko +v, ) 4cos(¢/2) (5 661)
kweym
: !
ot \2(,2. 2 232
D, =eR, (k o +v, | 4sin(¢/2) (5 66n)
kwsym

N
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Inserting Eqn (5 66) into Eqn (5 65) we have

! L, [(Rz =Dy~ Dy )(Ri + D, +JD2)}
€

Zk = —_—
(r, —n)jkweyr 2a (Ry + Dy + Dy )(R, — D, - jD; )

/ 1
- (r,—n )]ka)aozrz

2
\/{(Rz - D XR +D1)+D22} +{Dy(Ry — Ry -2D; )} Ja@1-a3)

\[{(Rz + Dy XR, - Dy)+ D3 }2 +{Dy (R, — Ry —2D )

log,

! 1
= —I[D; + ;D 567
2 2 2
where, D, zélog{{mz - Dy YR, + Dy )+ D3 }2 +{Dy(Ry — R 2D, )} (5 671)
{(Rz + Dy XR, - Dy )+ D%} +{Dy(R - R, —2D, )}

D4 =0 —ay (5 671‘1)
1 Dy(Ry—R -2Dy)

o) =tan (5 67u1)
(R, - Dy YR, + Dy )+ D3
Ry—R,-2D
ay =tan™ Dy(R, =Ry 1) 5 (5 671v)
(R, + Dy XR, - D)+ D3
Again, mnserting Eqn (5 66) into Eqn (5 67) we obtain
l 1
Zy = Dy + jD
YT (ry —r ) skweygm 2D, +]D2)[ 3+ Da]
I VD? +D}? J(as—g—gj
= e
2(?‘2 —-n )ka)goﬁ /Dlz +D22
=Zreal + JZJmag (5 68)
where,

~ i JD? + D2 b
Zoal = cos| (5 681)
2(7‘2 -Nn )ka)&’oﬂ’ /Dlz +D22 2

B i D} + D} R
Zimag = s oy (5 68n)
2(ry —n Jkweym {DIZ +D3 2
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D
-1
oy =tan D—4 (5 68m1)

3
If the value of D; becomes negative, the value of a; in Eqn (5 68111) should be chosen
such that n/2<az<3n/2 In Eqn (5 68) Z,.s and Z,,,, are the real and imaginary parts of

the bulk impedance, respectively
5 3 3 Overall RF impedance between the two electrodes

To determine the overall impedance between the two electrodes we need to
include three components 1) the sheath impedance at plate A, u) the bulk plasma
impedance and m1) the sheath impedance at plate B For an asymmetrically dniven,
parallel plate RF discharge (non-equal area plates), there are two RF sheaths in series —
one on plate A and the other on plate B The sheath equations for plate B will be
identical to those for plate A, except that the harmonics of the current density

A
considered for calculation at plate A wiil be multiphied by a factor & = =4 | where A4,
B

and Ap are the cross-sectional areas of plate A and B, respectively The sheath voltage
on plate B will be similar to that of plate A but shifted by a phase angle 7 We let
V() and Vi (ox) be the k-th harmonmic voltages on plates A and B, respectively,
with respect to the plasma, then from Eqn (5 29) we can write,
Vulwt)=Vy cos(kat) (5 69)
Vap(ot)="Vgy cos[k(cot + 7[)]
= (~1)* Vg coslkar) ©70
where, V4, and ¥y, are the k-th harmomec RF voltage coefficients for the sheath at
plates A and B, respectively, given by Eqn (529u) Since the phase direction of
Ver(@t) 1s opposite to V4, (ot ) and the sheath capacitances are directly related to the

sheath voltages, 1t can be seen from Eqns (5 31), (5 69) and (5 70) that the equation for

the equivalent sheath capacitance (1n Farad) 1s,

. LI \
¢ kw{VAk“(—l)kVBk}

where, I, 18 the total RF current (in Amperes) The equivalent sheath resistance (in

Ces

(5 71)

Ohms) can be written as
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1 1
Vesk = +
T AGy ApGpy

(5 72)

where, G4 and Gg are the sheath conductances (mho/mz) of Plates A and B,

respectively Here G4, and Ggy are given by Eqn (5 53) except that the current density,

Jy» should be replaced by J,, and J,z, respectively From Eqns (5 53) and (5 72)

and using J,5 = bJ,, we obtan

1 3TkmI, 1 3JhmIb’
Ag 82w T egnd  Ap 4k*S w0 T,e4n]

Vosk

3T i mI
- ks (145}) (5 73)
4k e TegonoAA

where, J,, 1s the k-th harmomc current density at plate A Now, from Eqns (5 71),

(573) and (568), and usmng I p=A4 A.7 w4 Wwe obtain the overall 4-th harmonic
impedance (in Ohms) between the two plates

312mD 7 4 - (17, }
Zor =|Zyoar + k3 (1+b3)+ j{z,mag— Ak (_) Bk (5 74)

4k2e3a)2T650n3Ai Iy

For a symmetrical discharge, b = 1 and ¥, =Vp, Thus, replacing ¥, and Vp, by

17,( , and 44 by A we can re-wnte Eqn (5 74) as

3IkmrI, k}Vk
Z,p =2, + s + | Zipaw — 1= (1) 1= 575
ok { eal 2kze3a)2Tea‘0n3A3} .’l: mag {] ( ) Ik ( )

From Eqn (5 75) 1t 1s evident that there 1s no sheath capacitance effect on the overall

impedance for even harmonic frequencies
5 3 4 The overall RF voltage

The overall k-th harmonic RF voltage at the powered electrode with respect to the

ground can be obtained as,

Vark =1iZ, i (576)
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where, 7, 1s the k-th harmonic RF current and Z,,, 1s the overall RF impedance of the

same harmonic frequency, given by Eqns (5 74) and (5 75)

It 1s important to note here that in the Lieberman model there 1s no even harmonic
overall voltage and hence no even harmonic overall impedance This was an obvious
problem with this model, as our measurements (see Chapter 3) have always observed
even harmonic components But we have found that the even harmonic components of
RF voltage and impedance never become zero 1n the present model This 1s because the
sheath resistance associated with the stochastic heating in both the sheaths and the bulk
plasma impedance are always present, even for a symmetrical discharge From Eqn
(5 75) we see that in a symmetrical discharge only the sheath capacitance effect 1s

diminished 1n overall voltage and impedance

5 4 Experiments

To venfy the validity of the present model and make some comparisons with the
Lieberman model [30] we carried out a number of experiments A short description of

the experimental equipment and the experimental procedure 1s given below

5 4 1 Experimental equipment

The equipment used for the experiment was the same as described 1n section 3 2
except that a replaceable hollow circular shaped anodized aluminium plate was placed
above the powered electrode (Fig 53) This anodized plate provided a vanable
effective area for the powered electrode The word ‘effective’ 1s used here because the
anodized plate acts as an nsulator and thus, only the exposed part of the powered

electrode comes in contact with the plasma
5 4 2 Experimental procedure
Before the mam expenments the plasma chamber was cleaned as usual by running

the system for an hour in RIE mode with Ar gas at 8 6 sccm flow rate while the RF

power and the chamber pressure were maintained at 200 Watts and 72 mTorr,
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Table 5 2 Typical values of plasma characteristics used for calculations
No T, e Vm
1x10% cm” 35 Volt 2x10" s’

551 The non-linear motion of the electron sheath

Putting x=s(f} and ¢=a¢ 1n Eqn (5 21) we obtain the nonlinear motion of the

electron sheath as

o
ewnys(t) = Zj—p{l — cos( pax )}
P

p=I
1 N N N jqujr pqr N N Al j;jr pqr
e DI D VLD 1 3 eLlsv g IEED
e “T,e0m | pot g=1 r=1 D p=l g=1 r=I P
g#p q=p
where,
] FPr = 2ptg 2{ ! sm(p+fI“r)‘0t‘—1—s’”(p+q+r)wt}
4p(p+q)* lpra-r prqtr
2p— 1
_ P4 2{ sm(p—q—r)a)t——l——szn(p—q+r)a)t}
4p(p-q)- \P—q-7 —qrr
1 t
+ cos(p+q+vr)wt— 2sm(p+q+r)a)t
4p+q) |\ prq+r (p+q+r)
ot 1
—-———cos(ptq-r)ot+—————sm(p+q-r)ot
ptg-r (p+q-r)?
)
1 t
- { @ cos(p—q+r)(ot——1-—5"1(17—(1‘”)0”
dp-q)(p-q+r) (p-q+r)?

w*Lz——¢:'os(p—q—r)a)t+——1—73m(p—q—r)cot
p=q-r (p—-q-r)

, when p+q-r#0, p-gtr#0and p-g-r#0 (579a)
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F]qu =_2p—+q_2{wt__l_sm(2ra)t)} _iq_{l szn(2qa)t)——1—sm(2pa)t)}
4p(p+q) 2r 4p(p-q)* (2 2p

1

4p-q)(2

_1“_{_@ cos(2rax ) — 1 sm( 2rat )}
Ap+q)l2r ar?

{—al- cos(2pat)

1
5 sin(2pax )+ ﬂcos(2qa)t) - -2s1n(2qa>t)
4p 2q 4q

, when p+g-r =0 (5 79b)

F]pq’=—2‘?l{ szn(2pa)t)-—-1——sm(2qa)t)} ﬁq—{—l—sm(zmﬂ) a)t}
4p(p+q)’ 2q 4p(p-q)?

! {Q-cosﬂqa)t)——1——szn(2qa)t)——cos(2pa)t)+
2p

1
_ sin(2pawt)
“urva)|2 4q* 4p* }

1 wt 1
—————<—cos(2rat) - ———sm(2ra)t)}
4(p- q){ 4r®

, when p-g+r=0 (5 79¢)

Flpqr = ﬂ—{ sm(2qa)t)——1~sm(2pa)t)} 21’—‘42{&” —Lsm(ert)}
4p(p+q)* 2p 4p(p-q) 2r

1

_ icos(2pa)t)—Lszn(Zpa)t)——cos(2qa)t)+Lsm(2qa)t)
4(p+q) 4p* 2q 4q*

: {9—’1 cos(2rat ) - —l——sm(2ra)t )}
4r?

Cdp-q) |2
, when p-g-r=10 (5 794d)
and,
szqr _ _3_ sin(2p—r)wt — ! sim(2p+r)wt

+L ol cos(2p+r)wt - sm(2p+r)a)t—--£0t—cos(2p—r)a)t
8p |2p+r (2 )

(2p+r)2 p-r

+—1—2~sm(2p—r)a)t +L{gcos(ra)t)—-l—zszn(ra)t)}
(2p—r) 2p(r r
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, when 2p-r 0 (5 79¢)

szqr S 3 sin(4par )+ a)t2 cos(4pa)t)—%szn(2pa)t)
128p 32p 8p
+Lt2cos(2pa)t)+ 3a)t2 , when 2p-r=0 (5 799)
4p l6p

Figures 5 4(a) and 5 4(b) show the calculations for the position of the electron
sheath as measured from the powered electrode as a function of the phase angle o
while Fig 5 4(c) shows the difference in the sheath position determined by the
Lieberman model compared to that determined by the present model The position of
the electron sheath (distance between the electron sheath and the powered electrode) can
be calculated as

Sm-S(1) (5 80)
The sheath position s(¢) 1s given by Eqn (5 79) and the 10n sheath thickness s,, can be
obtained by putting s(f) =s,, and a¥ = 7 m Eqn (5 79)

The Lieberman equation for the distance between the electron sheath and the
powered electrode 1s also same as Eqn (580) The sheath position s(¢f) for the
Lieberman model can be obtained from Eqn (5 79) by removing the ¥ signs and
replacing p, g and by 1 as

- J? 3 1
ewmnys(t)=J, {1 —-cos(a)t)}———— — sm(wt)—gsm(3a)t)

ew’T,eqmyg | 16
1] ot 1 1
+ 3 ~3——cos(3a)t) - §s1n(3cot) —wtcos(at)+sin(awt )y + 5 {a)t cos(wt ) — sm(a)t)}
Or,

73
eawmnys(t) = d_’] {1 - cos(a)t)} + Z—Jl———[ism(a)t) + Esm(?aa)t)
Bew“T,eq7my L2 18

3t cos(t) ——a;—tcos(Bcot )} (5 81)

and the corresponding 1on sheath thickness s, can be obtained by putting s(r) = s,, and

ax =7 Eqn (5 81)
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Figure 5 4(c) Percentage difference in electron sheath positions determined by
the two models

We see from the Figs 54(a), 5 4(b) and 5 4(c) that the electron sheath starts
moving (at &¥=0) from almost the same position for both the present and the Lieberman
models That means that the 10n sheath thickness 1s approximately same for both the
models But starting from =0 the difference between the electron sheath positions
determined by the two models increases up to ax~0 6n radians while the electron sheath
position 1s overestimated by the Lieberman model compared to that of the present
model After a¥~0 6n radians the difference decreases and at a¥~0 84m radians 1t
reaches to zero From a¥~0 84w radians the difference again increases up to ax~0 98n
radians while the electron sheath position 1s underestimated by the Lieberman model
After a¥~0 98n radians the difference again starts to decrease and both the models
estimate the same value at a¥=n radians That means that up to a¥~0 6n radians the
electron sheath determined by the present model moves faster than that of the
Lieberman model towards the electrode and after that 1t moves slower than that of the
Lieberman model up to a#=0 98n radians At a¥~0 84m radians the electron sheath

positions determined by both the models become the same After ax~0 98n radians the
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electron sheath of the present model moves again faster than that of the Lieberman
model because the sheath positions determined by both the models must reach the

electrode at wr=m

From Fig 5 4(c) 1t 1s evident that the maximum difference in determining the
electron sheath position by the Lieberman model 1s ~1 2% Off course, this difference
between the electron sheath positions determined by the two models arises from the
non-presence and the presence of the harmonic currents 1n the two models However, 1t
1s interesting that the contribution from the harmonics have such a small influence on

the sheath position
552 The time-average electric field within the sheath
We obtained the time-average electric field from Eqn (5 17) as

N7
E(x)=Y 2 [lsm(pqo)—cocos(pw] (5 82)

ool POEGT | P

Figures 5 5(a) and 5 5(b) show the time-average electric field as a function of the
position measured from the powered electrode while Fig S 5(c) shows the difference in
the electric field determined by the Lieberman model compared to that of the present
harmonic model The electron sheath position as a function of ¢ 1s given by

Sm-X (5 83)
where x(¢) 1s given by Eqn (521) The 10n sheath thickness s,, can be calculated as
described m section 5 5 1 For a particular value of ¢ the time-average electric field and

the corresponding position can be calculated using Eqns (5 82) and (5 83), respectively

The Lieberman equation for the time average electric field can be obtained from

Eqn (5 82) by removing the summation sign and replacing p by 1 as

L Jan(p)-pcos(p)] (5 84)
Ct)é'oﬂ'

E(x)=

The corresponding position can be calculated using equation (5 83), where x(¢) 1s

obtamned from Eqn (5 21) (removing summation sign and replacing p, g and r by 1) as
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Figure 5 5(c) Percentage difference in time-average electric fields determined
by the two models

73
eonyx = J, {l—COS((D)}‘F—2J1_l:§—Sln(¢)+'l—ISln(3§0)
8ew T,eqmy L2 18

~3pcos(p) —%cos(?@ )] (5 85)

The value of s,, for the Lieberman model can be calculated by putting x = s, and ¢ = 7

mm Eqn (5 85) (also described 1n section 5 5 1)

From Figs 5 5(a), 5 5(b) and 5 5(c) we can see that the Lieberman model always
over-estimates the time-average electric field compared to that of the present model
The difference 1s much worse near the 1on-sheath edge This 1s due to the fact that the
time average electric field 1s very small near the 1on-sheath edge but the difference 1s
not too small compared to that Therefore, when the difference 1s expressed as a
percentage of the time average electric field determined by the present model 1t

becomes very high near the 1on-sheath edge
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A lower time-average electric field, as obtained by the present model, assumes a
lower time-average sheath voltage and hence a lower energy of ions striking the

electrode

553 The 10n density and the time-average electron density within the sheath

The 10n density and the time-average electron density for the present model can be
calculated using Eqns (522) and (524) From Eqn (5 22) we have the Lieberman

equation for 1on density within the sheath as

_ -1

JZ

n, =mng 1——2—1—(§sm(2(p)——¢-cos(2¢)—£J (5 86)
ew T, eqmy \ 8 4 2

The Lieberman equation for electron density 1s same as Eqn (5 24) except that the ion

density #, in Eqn (5 24) 1s given by Eqn (5 86)

Figures 5 6(a), 5 6(b) and 5 6(c) show the i1on density and the time-average
electron density as functions of position as measured from the powered electrode while
Fig 5 6(d) shows the differences in both the densities determined by the Lieberman
mode] compared to those of the present model For each particular value of ¢ the
corresponding position for the ion/electron density was calculated as described 1n

section 55 2

From the figures we can see that both the 1on and time-average electron densities
are underestimated by the Lieberman model compared to those of the present model
That means, as obtained by the present model, a higher number of 10ns will strike the
electrode 1n a particular period of time Again, higher densities of electrons and 1ons
need a comparatively lower sheath field to sustain the plasma for a given input power

which 1s 1n agreement with the result shown 1n section 5 5 2

5 5 4 Charge density within the sheath
Figures 5 7(a), 5 7(b) and 5 7(c) show the time-average charge density within the

sheath as a function of position as measured from the powered electrode while Fig

57(d) shows the percentage difference in the charge density determined by the
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Lieberman model compared to that of the present model For both models the charge
density 1s given by Eqn (5 23) but the value of n, in Eqn (5 23) should be evaluated

differently as descnbed 1n section 5 5 3

From the figures we see that the charge density 1s a little underestimated by the
Lieberman model near the electrode (up to ~0 165 mm from the electrode) but 1t 1s
much overestimated near the bulk plasma Since we know that the slope of the time-
average electric field curve 1s directly proportional to the charge density, the time-
average electric field curve obtained from the present model will be steeper than that of
the Lieberman model up to ~0 165mm from the electrode and after that 1t will be more

gradual compare to that of the Lieberman model Thus 1s also venfied by the Fig 5 5(a)

S S 5 The time-average potential within the sheath

The time-average potential @ within the sheath 1s given by the Eqn (5 25) From

Eqn (5 25) we have the Lieberman equation for @ as

2 2

T, 2 2

@_1 1, JE
ea)2Te€07mO

2
(%szn(2q) )—%COS(Z(/J )—-gi)] (5 87)

Figures 5 8(a) and 5 &(b) show the time-average potential with respect to the bulk
plasma as a function of position as measured from the powered electrode while Fig
5 8(c) shows the percentage difference in time-average potential determined by the
Lieberman model compared to that of the present mode! The corresponding positions,

as functions of ¢, were calculated as described 1n section 5 5 2

It 1s clear from the figures that the time-average sheath potential is always
overestimated by Lieberman model compared to that of the present model The lower
time-average sheath potential as determined by the present model 1s a result of lower
time-average electric field within the sheath (also mentioned in section 552) The
lower time-average potential will result in lower energy i1ons which will strike the

electrode
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Figure 58(c) Percentage difference in time-average sheath potentials

determined by the two models

55 6 The titme-varying sheath voltage

The time-varying sheath voltage ¥(¢) for the present model 1s given by Eqn

(5 28) From Eqn (5 28) we can obtain the Lieberman equation for }{(¢) as

- A
ea)zgonoV(t) = J]zll - !
ew T,e4m,

1 1 3
——cos(@t )3 +~(Iyy + I3y )= —(I33 + T34 — 3 — I
200S(0))30 4(31 1) 32(33 34 =135 — I36)
1
+T6_(I37+138_139_[40)}
where,
1
I = cos(wt){cos(a)t) + 1}— 2 {cos(2mt) - 1}
Iy =—smn(wt)

Iy7 = —%sm(3a)t)
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3 1
2—“—{'{5605(&”)(]26 —127)—§cos(a)t)(128 —]29)

(5 88)

(5 881)
(5 88u)

(5 8811)



Ig =—w—tcos(3a)t)+£—lszn(3a)l) (5 881v)
3 39

Iyg =wtcos(ax )+ m - sin(ar) (5 88v)

Iyy=wtcos(wt)+m—sim(ot) (5 88v1)

I3 =%c0s(2wt)—%—%sm(2a)t) (5 88vn)

132 =0 (5 88V111)
1

Iy = —Esm(2a)t) (5 881x)

Iy =7-at (5 88x)
1

I35 = —Zsm(4a)t) (5 88x1)
1

I3 = —Eszn(2a)t) (5 88xm1)

I37= %tcos(4a)t)—%—%sm(4a)t) (5 88xm)

I3g =%tcos(2a)t)—%—%sm(2mt) (5 88x1v)

I3g =%tcos(2a)t)—%—%sm(2wt) (5 88xv)

T40 =90 (5 88xv1)

Eqn (5 88) can be re-arranged as

72

Ji

ewZEOnOV(t) = i 4cos(at )+ cos(2at)+3 -
4 ew T,eqm,

15 5 3 1 1
—7m+—mcos(wt)+—wt +—wt cos(2wt ) + — wt cos( 4wt
{16 3 (1) 8 3 (201) 48 (4at)

5 25
—ﬁsmﬂa)t) —%sm(%ot)}] (5 89)

Figures 5 9(a), 5 9(b), 5 9(c) and 5 9(d) show the time-varying sheath voltage as a
function of phase angle ax while Fig 5 9(e) shows the percentage difference in the
tume-varying sheath voltage determined using the Lieberman model compared to that of

the present model From these figures 1t 1s evident that, compared to the present model,
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Figure 5 9(e) Percentage difference in time-varying sheath voltages determined
by the two models

the time-varying sheath voltage 1s overestimated by the Lieberman model for

0 12ﬂ<|a>t| <0 817 and 1t 1s underestimated for the rest of the time We also see that the

maximum difference 1n determining the time-varying sheath voltage by the Lieberman
model 1s about 2 8% The ranges of a¢ where the Lieberman model overestimates or
underestimates the potential and the percentage difference in potential determined by
the Lieberman model do not have fixed values—they are dependent upon the
| /_\ magnitudes of the harmonic currents and the other parameters used in the calculations

Off course, the difference 1n the time-varying sheath voltages (as in other parameters
described 1n previous sections) determined by the two models anses due to the

exclusion of harmonic currents 1n the Lieberman model
5 5 7 Sheath resistance, sheath capacitance and the overall RF voltage

The sheath resistance r; and sheath capacitance C; of a single sheath can be

estimated by the present model as (also see eqns 5 31 and § 53),
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_37F mb

e = (5 90)

¢ 4k? e3w2Te£0ng

C, = i (5 91)
ka)Vk

where, J, = k-th harmonic component of current density and ¥} = k-the harmonic

Founier component of the time-varying sheath voltage given by eqn (5 2911) It 1s
clear from eqns (590) and (5 91) that the Lieberman model fails to relate either the
sheath resistance or the sheath capacitance to the harmonic frequencies (other than the
fundamental frequency), as there 1s no harmonic current present in that model But in

the present model both of these parameters are present for all the harmonic frequencies

Figure 5 10 shows the percentage differences between the harmonic components
of the time-varying sheath voltage (Vk) at the powered electrode determined by the two

models The result shows that the difference 1s small while estimating the fundamental
component (less than 1%) but 1t increases very rapidly as the harmonic frequency
increases For example, the percentage difference for the 5™ harmonic component of the
time-varying sheath voltage 1s ~200% Since the sheath voltage 1s the major part of the
overall RF voltage, the Lieberman model will thus produce a huge error in the estimate

of the overall RF voltage for higher harmonic frequencies

5 6 Comparison of Analytically Obtained I-V Parameters with the Experimental
Results

To analyze the validity of the present model we conducted the same experiment as
described 1n section 5 4 2 for two different effective diameters of the powered electrode
The I-V parameters measured by the PIM were recorded for each of the effective
diameter conditions of the powered electrode The RF voltage and the RF impedance
were calculated using the present model and compared with the corresponding
measured data We used the current harmonics measured in the experiments as
parameters for calculation The typical values of three plasma charactenstics (ng, 7, and

vm) given by Table 5 2 were also used for this calculation
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Figure 5 10 Percentage difference in the harmonic coefficients of the time-varying
sheath voltage at the powered electrode determined by the two models

We saw 1n the previous sections that the modelled equations are strongly
dependent upon three plasma charactenstics, 1€, ny, T, and v,, It would be best 1f we
could measure these parameters n experiments and use the exact values 1n calculations
But we already mentioned that there was no scope to measure experimentally these
charactenstic parameters as there was no facility for probe or similar measurements in
our plasma system We mentioned earlier that the values of these parameters depend
upon the operating conditon of the plasma system (1¢e, discharge power, operating
pressure, the gas flow rate and the geometry of the plasma chamber) and change
drastically for small changes in these For this reason 1t 1s very difficult to assume the
exact values of these parameters and hence the calculated values of the different
parameters may vary significantly in absolute value from the measured values In this
work we used typical values of the three plasma characteristics just to elucidate trends
in the data such as the relative contributions of each harmonic component of RF voltage

or impedance
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To analyze the trends 1n the data the measured and the calculated values of the RF
parameters were normalized with respect to theirr fundamental components and plotted
on the same graph Figures 5 11 and 5 12 show the comparnsions between the measured
and the calculated values of the RF voltage and the RF impedance, respectively, while
the compansons are made for the effective diameter of the powered electrode set to both
18 cm and 20 cm, respectively It 1s clear from the figures that the relative magnitudes
of the RF voltage harmonics and RF impedance harmonics calculated using the present
mode] follow qualitatively the values measured in the experiment In the previous
sections we saw that the plasma equations are non-linear in behaviour and they depend
on the above mentioned three plasma characteristics very much non-linearly That 1s a
major factor in the reason why the calculated impedance and voltage harmonics, when
they are normalized with respect to their fundamental component, do not match exactly
with the measured values but follow the trend of relative magmtudes of each of the
harmonic components To obtain improved results one should use the exact values of

three plasma characteristics mentioned previously

Figures 513 and 5 14 show a compansion between the calculated and measured
values of RF voltage and RF impedance harmonics, respectively, for the effective
diameter of the powered electrode, Dy, set to 16 ¢cm, 18 cm and 20 cm, respectively
From these figures we again see that the overall qualitative trends are similar for
measured and calculated values But the values of both RF voltage and impedance move
to lower values as the effective diameter of the powered electrode, D,, increases This
can be explained 1n the following way We saw 1n the analytical sections (see sections
533 and 5 3 4) that there 1s no sheath capacitance effect on the even harmonic
components of RF voltage and impedance for a symmetric discharge (1 €, when the
areas of both the electrodes are same) That means the harmonic phenomenon 1s reduced
as the asymmetry of the system 1s reduced In other words, the fundamental component
will be more prominent 1n less asymmetric systems When the harmonic components
are normalized with respect to the fundamental, they will be of lower value than those
of more asymmetric systems Now, an increase 1n the diameter of the powered electrode
reduces the asymmetry of the system, as the diameter of the grounded electrode 1s fixed
(28 5 cm) This 1s the main reason why the normalized curves of the RF voltage and

mmpedance harmonics shift downward for higher D,
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5 7 Sources of Error

We already mentioned that the three basic plasma charactenistics (1€, ng, T, and
vy used 1 our calculation depend greatly on the operating conditions of the plasma and
the geometry of the plasma system The assumption of typical values for these
parameters rather than using the exact values 1s a major source of error Furthermore, 1n
our calculation we used the same values of these three parameters (given by Table 5 2)
for all settings of the powered electrode diameter (D;) The values of these parameters
would tend to be different for different diameters of the powered electrode But 1t 1s
difficult to know the relative change of these parameters with the change in D; without

proper measurement

Throughout the modelling and derivations we had to make several assumptions
for the sake of simphcity Most of these assumptions are not perfectly true and can
incorporate at least a small error in the calculations For example, we assumed that the
bulk plasma can be represented as a sohd cylinder with a linearly varying radius and
there 1s no transverse vanation in the current and the plasma densities at a particular
distance from either of the electrodes This assumption 1s not strictly true because the
current flux will never follow a straight line exactly and 1t will bend outward near the

middle of the bulk yielding a lower current density than that we assumed This error

would be mmmmum for the condition [ <<+ 4, where [ and A4 are the separation
between the two electrodes and the electrode areas, respectively But the separation of
the electrodes 1n our system was 6 cm which 1s quite high compared to the electrode

areas (16 cm, 18 cm, 20 cm or 28 5 cm) and could give some etror 1n the calculations

We assumed that there were only five harmonic components present in the source
current We made this assumption because we could not measure the higher harmonic
components due to the limitation of the Plasma Impedance Monitoring system But
there could be one or more higher harmonic components of RF current of considerable
amplitude that we neglected in our calculation Exclusion of any harmonic current

having large amplitude will incorporate an error
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In the calculation of stochastic heating related to each of the harmonic frequencies
we assumed that only one harmonic of RF current 1s 1n operation at a time (see section
53 12) This assumption was not exactly perfect because all the current harmonics are
in operation simultaneously and each harmonic component of RF current contributes to
the stochastic heating corresponding to each of the harmonic frequencies To find out
how great an error emerges 1n the calculations we calculated the total stochastic power
generated by all the current harmonics using Eqn (5 46) This gives the correct amount
of total stochastic power Again, the approximated stochastic power generated by each
of the current harmonics was calculated separately using Eqn (5 51) Then all of the
approximated stochastic power was summed to estimate the total approximated
stochastic power The percentage error in the total approximated stochastic power was

calculated as

N — —
Z P stock — Pstoc
Percentage Error = k=l x100 (5 92)

stoc

where, P, .and P,,., are given by Eqns (5 46) and (5 51), respectively The error

was determined for both the data sets used for Figs 511 and 5 12 (1e, D;=18 cm and
20 cm) and they were 1 68% and 1 58%, respectively These errors are very small and
hence we can conclude that error 1n the determination of sheath conductance given by

Eqn (5 53) was not very sigmficant
5 8 Conclusion

We presented an analytical solution for a high voltage, collisionless, capacititve
RF discharge driven by a non-sinusoidal RF current source, assuming that the RF
current contans a finite number of harmonic components whose frequencies are integer
multiples of the fundamental frequency We obtained analytical expressions for some
important sheath parameters, for example, the time-average 10on and electron densities,
electrical field and electric potential within the sheath, nonlinear oscillation motion of
the electron sheath boundary, 1on sheath thickness, the effective sheath impedance etc
The Lieberman model [30] for the sheath parameters 1s also obtainable from the present
work 1f we assume that all the harmomc components of the RF current, except the

fundamental, equal to zero
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We made a companson between the sheath parameters calculated using the
present and the Lieberman models We also calculated the difference in sheath
parameters determined by the two models We used a set of RF current harmonics
measured 1n an Ar reactive 1on etching experiment as parameters for the calculations
We also used typical values for three basic plasma charactenstics 1¢e, the plasma
density ny, electron temperature T, and the electron-neutral-atom collision frequency v,
as there was no facihity to measure these values 1n our laboratory The sheath parameters
are sometimes overestimated and sometimes they are underestimated by the Lieberman
model depending upon the location within the sheath The errors in the Lieberman
model for the electron sheath position, time-average 1on and electron densities and the
time-varying sheath voltage are up to ~ £3% but the error 1s even higher (more than
10%) for the charge density, the time-average electric filed and the time-average sheath
potential The error 1s bigger near the 10n sheath-plasma boundary as the difference in
those parameters determined by the two models are high compared to their actual

magnitudes

We determined the overall RF impedance and the RF voltage for each of the
harmonic frequencies considering an asymmetric discharge (unequal electrode areas)
We also obtained equations for the same quantities for a symmetric discharge assuming
the same electrode areas In the calculation of the overall impedance we included the
bulk plasma mmpedance together with the two sheath impedances The present model
always found the even harmonic components of RF voltage and hence the RF
impedance whereas Lieberman found no even harmonic component of RF voltage This
1s because the sheath resistance effect, associated with the stochastic heating in the two
sheaths, and the bulk plasma impedance never become zero even in a symmetric
discharge Only the sheath capacitance effect 1s cancelled at the even harmonic

frequencies when the discharge 1s symmetric

This analysis proved that the Lieberman model fails to relate either the sheath
resistance or the sheath capacitance while considenng the harmonic frequencies This
previous model produces a large error while estimating the higher harmonic
components of the time-varying sheath voltage though the error 1s msignificant while

estimating the fundamental component Since the sheath voltage 1s the major part of the
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overall RF voltage the Lieberman model will also produce a large error during the

calculation of the mgher harmonic components of the overall RF voltage

The RF voltage and the impedance harmonics were determuned for different
diameter settings of the powered electrode while the grounded electrode diameter was
fixed The calculated values were compared with the values measured 1n experiments
The same typical values of the three plasma charactenistics (mentioned earlier) and the
current harmonics measured 1n experiments were used as parameters for the above
calculations For better compansons the RF voltage and impedance harmonics
determined using the present model and those measured in experiments were
normalized with respect to therr fundamental component and plotted on the same
graphs From the graphs we can conclude that the relative magnitudes of RF voltage and
impedance harmonics determined using the present model follow qualitatively the
values measured 1n the experiment as they follow the trend of the relative magmtudes of

each of the harmonic components

It has been observed (Figs S 13 and 5 14) that the values of the normalized RF
voltage and impedance harmonics shift downward (assume lower values) both for
calculated and measured quantities as the asymmetry of the plasma chamber decreases
This means that harmonic phenomenon increases with the increase of asymmetry of the

chamber

There were different sources of error for which the calculated values of [-V
parameters determuned using the present model do not exactly match with the
expenimental values, though they follow the trend of the relative magnitudes of the
harmonic components measured experimentally The different assumptions we had to
make 1n our modelling for simphcity will always incorporate at least some error in the
calculations As the modelled equations strongly depend on the three basic plasma
charactenstics (1e, ny, T, and V), 1t 1s most lhikely the main source of error in the
calculations Again these parameters can vary with the operating conditions of the
plasma and the geometry of the chamber The use of the same values of these
parameters for all diameter settings of the powered electrode could mncorporate another

error 1n the calculations
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In the calculation of the stochastic heating (associated with the sheath resistance)
corresponding to a particular harmonic frequency we assumed that only one harmonic
component of RF current of the same harmonic frequency 1s 1n operation, though, all the
harmonic components are present simultaneously in normal operation To see how
much error emerged 1n the calculations we analyzed the error in the total stochastic
power given by the summation of all the stochastic power related to each of the
harmonic frequencies The errors were found to be 1 68% and 1 58% for the effective
diameter settings of the powered electrode of 18 cm and 20 cm, respectively Thus the

error 1n the sheath resistance calculation was not very significant

Since the RF source current of a plasma processing system always contains some
harmonics the present model will always give more accurate resuits in determining the
plasma parameters, compared to the Lieberman model which does not consider the
harmonics of RF current Although, the harmonics of RF current measured in the
present work are very small compared to the fundamental, they have a significant effect
on the plasma parameters and can themselves be used to monitor the state of the plasma
The magmtudes of harmonic currents depend on the operating condition of the plasma
system and the geometry of the chamber In real industnial plasma systems, where
higher power 1s used for operation, the magnitudes of the harmonic currents may have
much higher values than the data given in the present work Therefore the contribution
of current harmomnics to plasma parameters will be even more significant Again, in the
calculation of the present work we neglected any harmonic current above the 5
harmonic frequency because of the limitations of the measurement equipment In
mdustnial plasmas the harmomc components of RF current above the 5™ harmonic
frequency may have considerable magmtude compared to the fundamental component

In those cases all the harmonic currents must be measured accurately for better results
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR
FUTURE RESEARCH

6 1 Conclusions

The main objectives of this study were
(a) to imvestigate the usefulness of the Plasma Impedance Monitoring (PIM) system to
monitor the RIE processes 1n a capacitively coupled parallel plate reactor,
(b) to investigate the effectiveness of the PIM for end point detection when a S10; layer
deposited on a S1 substrate undergoes SF¢ RIE, and
(c) to develop a mathematical model for a simple argon plasma 1n a non-symmetric,

parallel plate, capacitive discharge dniven by a non-sinusoidal RF current

It 1s shown that the use of I-V harmonic measurements via the PIM 1s a useful
techmque for monitoring RIE processes The sensitivity of the PIM to the RIE process
variations was nvestigated This sensitivity was tested by measuring the harmonic
components of the I-V parameters (1 e, RF discharged power, plasma impedance and
the phase between RF voltage and current) in an SF¢ plasma at different RF source
powers and comparing them with the same data for different silicon sample sizes mstde
the plasma chamber while the chamber pressure and the gas flow rates were kept
identical It was observed that the PIM 1s sensitive to the presence of silicon inside the
chamber but the sensitivity to differences 1n silicon sizes 1s probably not large enough to
be useful This 1s because the presence of silicon in the chamber changes the plasma
chemistry inside the chamber and hence the I-V characteristics However the vanation
of the size of the S1 sample doesn’t change the 1-V characteristics very much This 1s
possibly because the plasma chemistry inside the chamber does not vary significantly
with the vanation of the silicon size, and also the impedance of the lower electrode
sheath 1s very hittle changed as the wafer covers a small fraction of this electrode The

sensitivity 1s much better when P,, Z; or ¢ 1s used as the momitoring parameter rather

than using P;, Z, or ¢, The higher harmonic components (beyond 2" harmonic) of any
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of the plasma parameters (1 € , discharge power, plasma impedance and phase) were not
found to be applicable for use as monitoring parameters, because the measured data of
those parameters do not follow any particular trend as a function of S1 wafer size nside
the chamber However, the PIM showed some sensitivity to the presence of silicon
while using P; and Z; as monitoring parameters but only 1n specific ranges of RF
power It 1s also shown that 1f one uses the ratio of the discharged power to the plasma
impedance of the same harmonic component while considering the first two harmonic
frequencies (1 e, P;/Z; and P,/Z;), better PIM sensitivity can also be obtained at higher
power levels The different sensitivity behaviours of the PIM to the different I-V
parameters mentioned above are not clearly understood These sensitivities can again be
different 1f the plasma environments (ie, type of gas and/or matenial mside the

chamber) are changed

The effectiveness of the PIM for the detection of end points 1s tested by running a
SF¢ RIE on S1 samples covered with a 132 pm S10; layer at different operating
conditions (1 e, discharged power, chamber pressure and gas flow rate) The end point
of each expenment was confirmed by observing the plasma colour during the
expertment and using the Infra-Red (IR) spectroscopy technique on the sample after the
RIE It 1s shown that monitoring the fundamental component of phase (¢,) 1s a good tool
for observing the endpoint of Si0; etching on a S1 wafer using SF¢ RIE At the end
point when the S10, overlayer i1s completely and preferentially etched away and the
silicon layer starts to be etched, the plasma chemustry inside the chamber 1s changed
completely from one state to another and so also 1s the value of ¢, The PIM can easily
detect the change 1n the ¢ value and hence the end point of the process The
fundamental component of plasma impedance (Z,) also appears to give good end point
detection but only for specific ranges of operating conditions for RF power, chamber
pressure and gas flow rate The other I-V parameters or harmonic components were

found to be of httle use for this kind of end point detection

The plasma species and their concentrations change from one steady-state
condition to another at the end point, forcing the value of ¢ (or Z;) to be altered The
transition of ¢, (or Z;) value to the next steady-state requires a finite amount of time as

the plasma species and their concentrations need a finite amount time to reach their next
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steady-state condition This transition time increases as the areal non-umformity in the
etching increases It can be reduced by cutting the sample into many pieces and placing
them at approximately the same radial position of the electrode during the RIE because

the etch uniformity 1s improved 1n this way

To reliably detect the end point of a process 1t 1s necessary to predict the value of
the monitoring parameter used as the end point detector when the end point 1s reached
Using the Box-Behnken methodology the I-V parameters were empirically modelled as
polynomial equations of the input factors (1 e, RF power, chamber pressure and gas
flow rate) for a fixed range of their values It 1s shown that the prediction becomes more
accurate when the operating input workspace considered for the modelling is smaller It
has been shown m this study that while the Si-S10, interface 1s reached during an SFe

RIE of a S1 wafer covered with a S10; layer, the predicted shift of @, (Ad; preq) 1s always

close to the actual shift (Ag, ) Therefore, using the modelled equation for ¢; 1t 1s

possible to detect the end point of the RIE of S10; lying on a S1 substrate using the PIM
In general, 1t can be concluded that the PIM may detect the end point when a matenal
lying on a dissimilar substrate undergoes RIE For this end point detection process to
work the momtoring parameter should be chosen such that the value of this parameter

changes significantly when the end point 1s reached

A mathematical model for a simple argon plasma in a non-symmetric, parallel
plate, capacitive discharge was developed on the premise that the mam plasma 1s
divided 1nto three separate zones—two sheaths near the two electrodes and the bulk
plasma The solution for the sheath was considered for a high voltage, collisionless RF
sheath driven by an RF current, which 1s not sinusoidal any more The expressions for
the different sheath parameters (1e, the time-average ion and electron densities,
electrical field and electric potential within the sheath, nonlinear oscillation motion of
the electron sheath boundary, 10n sheath thickness, the effective sheath impedance etc )
were derived Assuming typical values of the three plasma characteristics (1¢, the
plasma density ny, electron temperature 7,, and the electron-neutral-atom collision
frequency, v,) some important sheath parameters (1€, (1) the nonlinear oscillation
motion of the electron sheath boundary, (1) the time-average electric field within the

sheath, (1) the 1on and the time average-electron densities within the sheath, (iv) the
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charge density within the sheath, (v) the time-average potential within the sheath, (vi)
the time varying sheath voltage) were calculated and compared with those obtained
from the Lieberman model The harmonic components of the RF current measured
the experiment were used n all the calculations Finally, with the inclusion of the
properties of the bulk plasma, the overall plasma impedance and the overall RF voltage
were estimated for the first five harmonic frequencies These were then compared with
the experimental values Equations for the same quantities were also obtaned for a

symmetric discharge

The sheath parameters are always overestimated or underestimated by the
Lieberman model compared to those obtained from the present model depending upon
the location within the sheath The difference 1s as small as ~ £3% for the electron
sheath position, time-average 1on and electron densities and the time-varying sheath
voltage, whereas 1t 1s more than 10% for the charge density, the time-average electric
field and the time-average sheath potential The errors 1n the sheath parameters obtained

by the Lieberman model are larger near the 10n sheath-plasma boundary

In the calculation of the overall impedance the bulk plasma impedance was
mncluded together with the two sheath impedances, whereas the bulk impedance was not
included 1n the Lieberman model Thus, Lieberman found no even harmonic component
of RF voltage and overall impedance, whereas they are always present in our improved
model even 1in a symmetric discharge This 1s because the sheath resistance effect,
associated with the stochastic heating m the two sheaths, and the bulk plasma
mmpedance never vanish In this case of a symmetric discharge only the sheath
capacitance effect 1s cancelled at the even harmonic frequencies Again, the sheath
resistance and the sheath capacitance estimated by the Lieberman model are always zero
at the harmonic frequencies, whereas they never become zero for the present model
The Lieberman model produces a large error while estimating the higher harmonic
components of the time-varying sheath voltage, though the error 1s nsignificant in
estimating the fundamental component Therefore, the Lieberman model will also
produce a large error during the calculation of the higher harmonic components of the

overall RF voltage, as the sheath voltage 1s the major part of the overall RF voltage
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It 1s shown that the relative magnitudes of RF voltage and impedance harmonics
determined by the present model follow qualitatively the values measured i the
experiment as they follow the trend of the relative magnitudes of each of the harmonic
components The values of the normalized RF voltage and impedance harmonics
assume lower values both for calculated and measured quantities as the asymmetry of
the plasma chamber decreases This 1s possibly because the harmonic phenomenon

increases with the increase of asymmetry of the chamber

As the RF source current of any plasma processing system always contains
harmonics the present model will give more accurate results in determiming the plasma
parameters In real industrial plasma systems, where higher power 1s used for operation,
the magnitudes of the harmonic currents may have much higher values than the data
given 1n the present work Therefore the contribution of current harmonics to plasma
parameters will be even more sigmficant In the present work any harmonic current
above the 5™ harmomic was neglected, as they could not be measured due to the
limitations of the experimental equipment Any harmonic component of RF current
having a considerable magnitude compared to the fundamental component must be

taken into account for better results
6 2 Suggestions for Future Research

For future research with PIM and plasma modelling the following suggestions are

made

(a) In a real semmconductor chip fabrication process there are many types of materials
(e g, semiconductor, oxide, polysilicon, metal, photoresist etc ) lying on a dissimilar
material, which need to be removed by RIE at different stages of the actual
fabncation Removal of these matenals requires different operating conditions 1 ¢,
power, pressure and gas flow rate and type of gases The best monitoring parameter
to be used as an end point detector may not be the same for all of the RIE operations
even 1f the operating conditions are similar, because the plasma chemistry will not
be the same while etching different matenals Further investigations could be
carried out to find the best monitoring parameters to be used as end point detectors

for the etch of a vanety of matenals and operating conditions of the plasma
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(b) In the present work we have seen that by using the Box-Behnken modelled
polynom:al equation of the momitoring parameter for end point detection, the PIM
can predict and detect the end point when one material lying on a dissimilar material
undergoes a RIE process Agamn, the RIE equipment could be controlled using
control circuitry and a microcomputer (using suitable software) mterfaced with the
equipment Thus an mvestigation could be carried out as to whether the complete
RIE operation could be automatically controlled so that the RIE operation
automatically ceased when the end point 1s reached A semi-automatic operation 1s

tested 1n this study and 1s described 1n Appendix A

(c) A more sophisticated model could be used for modelling the end point monitoring

parameter

(d) In the mathematical modelling of the plasma (Chapter 5) we used typical values for
the three plasma charactenstics (1 e ng, T, and v,) 1n our all of our calculations due
to the lack of a measurement facility to acquire these These values could be

measured 1n a real experiment and used 1n the calculations to have better results

(e) The present model described in Chapter 5 1s not totally self-consistent as we had to
use the harmonic components of the RF current measured in the experiment as
parameters for the calculations A self-consistent model could be developed so that
calculations could be performed without using the RF current harmonics measured

in the experiments

(f) The same type of modelling described in Chapter 5 could also be developed for

collisional RF sheaths
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APPENDIX A

AUTOMATIC OPERATION OF REACTIVE ION
ETCHING: A SMALLAND SIMPLE PROPOSAL

A 1 Introduction

The growth 1n the use of RIE processes has led to the need for real-time, 1 situ
techniques to detect endpoints These techniques are needed to increase tool use and
process uniformity instead of depending on off-line wafer inspections In semiconductor
industries accurate endpoint detection offers a greater opportunity for the control of the
plasma process, reduces the wastage of materials used for IC fabrication and increases
the total throughput In the previous chapters we saw that the PIM can accurately detect
the endpomt when a S10, layer lying on a S1 base undergoes SFg reactive 1on etching
Here the fundamental component of phase proved to be the best monmitoring parameter
for the endpoint detection It 1s well understood that when any material lying on a
dissimilar material undergoes an RIE process, and the endpoint occurs, the plasma
constituents always change from one state to another even though the operating
conditions (RF power, chamber pressure, type of gas, gas flow rate etc) remamn
identical This change can radically alter the value of any of the I-V parameter
harmonics which can be easily detected by the PIM using some appropnate modelling
(e g, Box-Behnken) Agam, most of the RIE equipment used in the semiconductor
industry 1s partially or completely computer controlled By combining the software used
for the RIE equpment and for the PIM 1t should be possible to operate the RIE
equipment where the computer will automatically detect the endpoint and turn the

system off so that the etching process will no longer continue

The RIE equipment 1n our laboratory 1s totally manually controlled But there are
some interface cables connected to various components of this equipment which could
be used for computer control This is a brief discussion chapter Here we tested the

automatic turning on and off of the RIE operation using a computer and some auxthary
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